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ABSTRACT 
 Neck pain is a pervasive problem in the general population, especially in those 
working in vibrating environments (e.g., military troops and truck drivers). Previous 
studies showed neck pain was strongly associated with the degeneration of intervertebral 
disc, which is commonly caused by repetitive loading in the workplace. Currently, there 
is no existing method to measure the in-vivo displacement and loading condition of 
cervical spine on the site. Therefore, there is little knowledge about the alternation of 
cervical spine functionality and biomechanics in dynamic environments. In this thesis, a 
portable ultrasound system was explored as a tool to measure the vertebral motion and 
functional spinal unit deformation. It is hypothesized that the time sequences of 
ultrasound imaging signals can be used to characterize the deformation of cervical spine 
functional spinal units in response to applied displacements and loading. Specifically, a 
multi-frame tracking algorithm is developed to measure the dynamic movement of 
vertebrae, which is validated in ex-vivo models. The planar kinematics of the functional 
spinal units is derived from a dual ultrasound system, which applies two ultrasound 
systems to image C-spine anteriorly and posteriorly. The kinematics is reconstructed 
from the results of the multi-frame movement tracking algorithm and a method to co-
		 vi 
register ultrasound vertebrae images to MRI scan. Using the dual ultrasound, it is shown 
that the dynamic deformation of functional spinal unit is affected by the biomechanics 
properties of intervertebral disc ex-vivo and different applied loading in activities in-vivo. 
It is concluded that ultrasound is capable of measuring functional spinal units motion, 
which allows rapid in-vivo evaluation of C-spine in dynamic environments where X-Ray, 
CT or MRI cannot be used. 
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CHAPTER ONE: INTRODUCTION 
This thesis describes a portable, dynamic ultrasound imaging technique to 
measure the dynamic movement of cervical vertebrae. The aim of the proposed method is 
to enable other research to understand the mechanism of cervical spine(C-spine) injury in 
occupational environments, especially in worksites requiring wearing head-supported-
mass (helmet and goggles) and platforms vibrating at high frequencies and large 
amplitudes. The technique will be supplemental to the existing clinical and research 
methods to assess the C-spine in vivo. 	
Section One: Epidemiology of Neck Pain 
 Neck pain, strongly associated with reduced quality of life, is a common 
complaint in the general population and has an impact to individuals and family. Mean 
prevalence of neck pain is 23.3% in the general population [1]. Among the population 
that have cervical spine diseases, 17%(United States, Norway)-70%(United Kingdom) 
people reported moderate to severe activities limitation due to the pain. National surveys 
and meta-analysis of the literature indicated a higher overall prevalence of neck pain in 
females than males[1], [2], though it is still controversial to conclude that there are 
gender differences in the onset and remittance of neck pain.  
Numerous environmental and personal factors affect the onset and time course of 
neck pain. Occupation, an attribute that group people with similar behavior and risk 
exposure in their environment, is widely accepted as one of the most influential factors of 
neck pain and cervical spine disease [2], [3]. Recent research studies[4], [5] further 
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identified different work related factors, including computer use, ergonomics, and 
arm/shoulder position in work associated with neck pain occurrences.  
According to the surveys, the occupational group with highest risk is military-
specific. Neck pain was reported as an increasing problem amongst all military 
populations[6]. Cervical spine disease (CSD), degeneration, pain, and injury result in 
high treatment costs, permanent disability, and excessive loss of experienced warriors. 
According to a survey of the Total Army Injury and Health Outcomes Database[7], [8], 
more than 1.2 million neck and back related injuries were documented among Army 
personnel between 1980 and 2002, resulting in over 1,200 disability evaluations and 
almost 60,000 outpatient visits. The overwhelming majority of outpatient visits were for 
neck pain with diagnoses ranging from intervertebral disc (IVD) disorders, spondylosis 
with myelopathy, and segmental/somatic dysfunction[8].  
Use of heavy head-borne personal protective equipment and the vibration 
exposure in extended mission durations were thought to be the causes of neck pain in the 
military population, and will continue raising the number of cervical spine injuries. 
Among the military occupational specialties, aviators have highest rate of neck pain [8], 
possibly due to the excessive inertial forces and moments applied to the cervical spine 
during the repeated dynamic high-G maneuvers and/or the whole-body vibration in flight. 
Using magnetic resonance imaging (MRI) of the cervical intervertebral discs(IVD) 
among senior fighter pilots flying high-performance aircraft compared with non-exposed 
control groups matched for age and sex,  a previous study found higher occurrence and 
greater degrees of IVD degeneration in male fighter pilots[9]. The observation of the high 
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incidence of C-spine degeneration in high performance rotary and fixed wing aviators 
also supported this hypothesis. 
Section Two: Neck Anatomy 
The neck is a well-engineered structure, and occurrence of the cervical spine 
disease depends on the structural component’s functionality under static and/or dynamic 
loading. It is important to understand their functions as well as their limitations in the 
body. The functioning structures of importance to neck motion include vertebrae, IVDs, 
para-cervical muscles, and ligaments. The cervical vertebrae are irregular bones which 
contain the body and hyaline cartilage.  Two vertebrae and the IVD, the fibrocartilage 
between vertebrae, form a symphysis joint that allows the relative motion of bones. 
Multiple layers of muscle attached to mastoid, vertebra and clavicle, restrain the positions 
of the arteries, veins, esophagus, pharynx, and larynx.  Ligaments limiting excessive 
motion, cover the surface of vertebral bodies and connect the vertebral structures. In the 
spinal column, the basic unit of motion is a functional spinal unit(FSU), which contains 
two vertebrae, intervening IVD and para-cervical muscles and ligaments in that region. 
Cervical vertebrae are the most superior segment of the spine column connecting 
the skull and thoracic vertebrae (Figure 1.1). The bones are numbered in an order of the 
distance from skull from C1(closest) to C7 (furthest). The cervical vertebrae can be 
categorized as the upper cervical vertebrae and the lower cervical vertebrae. The upper 
cervical vertebrae include the C1, or the Atlas, and C2, or the Axis, both of which form a 
structure highly specialized in assisting neck rotation. The lower cervical vertebrae 
consist five true vertebrae, C3-C7, which have common features as other vertebrae in 
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thoracic and lumbar regions in terms of the anatomy: a large vertebral body, a vertebral 
arch for spinal cord and protruded structures, a spinous process, and two transverse 
processes. However, cervical vertebrae are smaller in size and have more delicate 
structures, e.g. foramen in the transverse process and bifurcation in the spinous process, 
which pose challenges to medical imaging techniques. 
 
Figure 1.1 Anterior Image of Cervical Vertebrae. Images from Standring, Gray’s Anatomy, 
40th edition. Churchill Livingstone/Elsevier, Philadelphia 
In the spinal column, the cervical vertebra bodies are stacked together upon the 
intervening IVD in between. The connective tissue attenuates the compression and limits 
the dislocation of the vertebrae. The IVD consists two structural components: annulus 
		
5 
fibrosus and nucleus pulposus. The annulus fibrosus is ring-like, multiple-layer structure 
full of collagen. It limits rotation, translation and shear strain of the vertebrae. The 
nucleus pulposus centers at the intervertebral disc which has a high concentration of 
glycosaminoglycan (GAG). GAG functions as a hydration maintaining material and 
provides viscoelastic properties to the environment, which specialize in absorbing axial 
compression of vertebrae. 
As active components in the FSU, the muscles around vertebrae and intervertebral 
discs are important for producing motion and stabilizing structures. Numerous studies 
have reported the neck muscle strength can reduce the magnitude of impact from the 
concussion in sports[10]and is associated with neck pain[11], but the muscle effect in 
FSU deformation has not been studied yet. The muscle as described can be roughly 
divided into the anterior and posterior muscle groups (Figure 1.2). The anterior muscle 
group arranged around the larynx, pharynx and hyoid bone, functions as a head and neck 
flexor and rotator, as well as restricting airways and swallowing. The bilateral 
sternocleidomastoid muscle (SCM), also commonly called the strap muscles, are large 
muscle pairs located on the anterior superficial layer. The activities of SCM were 
commonly used to analyze neck movement using surface electromyography (EMG) in 
research studies[12]–[15]. The posterior group of para-cervical muscles is a part of the 
back muscle that either partially or completely covers the spinal column. They can be 
further divided into superficial muscles and deep muscles. At the superficial layer, the 
activation of the upper trapezius, a muscle group of interest to neck discomfort, strain, 
and therapeutic strength training, can also be measured by the EMG. 
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Figure 1.2 Para-cervical muscles around C7. Image from Standring, Gray’s Anatomy, 40th 
edition. Churchill Livingstone/Elsevier, Philadelphia 
Ligaments between vertebrae joints reinforce the structural integrity of the 
cervical spine (Figure 1.3). The ligaments can be roughly divided into two groups by 
their regions of effects: the longitudinal ligaments (anterior and posterior longitudinal 
ligaments, ligament flava, supraspinous ligament and ligamentum nuchae) and the 
interspinous ligaments. The longitudinal ligaments are sheet-like ligaments which cover 
the bone structures and are attached to the entire spinal column. The interspinous 
ligaments pass between vertebral spinous processes. In MRI, the longitudinal ligaments 
can be easily identified because their high intensity and high contrast compared to the 
bone cortex.  Both of ligaments link structures, limit motion from extensive flexion and 
extension. 
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Figure 1.3 Para-cervical ligaments. Image from Moore KL, Dalley AF. Clinically Oriented 
Anatomy, 5th edition, Lippincott Williams & Wilkins, Philadelphia 2006. Copyright © 2006 
Lippincott Williams & Wilkins 
Section Three: Degeneration of Cervical Spine IVD 
Chronic neck pain reflects a state of instability in the FSU of the C-spine[16]. The 
degeneration of the IVD that stabilize the spinal column is strongly associated with C-
spine pathology. The IVD degeneration refers to the process in which the nucleus 
becomes fibrotic and similar to the annulus[17]. In the progression of degeneration, the 
boundary between the annulus and the nucleus becomes less obvious and the fibrosis 
cells populate in the nucleus region. Since degeneration alters the height of disc and the 
hydration level of the nucleus, disc degeneration is diagnosed by the IVD morphology 
and the presence of osteophytes in radiography, as shown in Figure 1.4.  
The association between the disc degeneration and the neck pain was widely 
studied in general populations across different countries. The direct association between 
the neck pain and the disc degeneration remains controversial, possibly due to the 
variability of neck pain description and classifications[18]–[20] in different sites. But the 
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changes in disc morphology are believed to affect biomechanics of joints [21] and result 
in elasticity loss[22] of surrounding muscles and ligaments. It is also commonly thought 
that the IVD degeneration leads to disc herniation and/or spinal stenosis, both of which 
are associated with pain[17]. Correlation between a narrow disc and rheumatoid arthritis 
was found in the literature[23], [24]. The IVD degeneration was proved to contribute to 
the formation of the osteophytes on cervical vertebrae[25], [26], and the formation 
mechanism modeled by finite element modelling (FEM)[27].  
	
Figure 1.4 Degenerated disc and cervical spine pathology. Image from: 
http://worldsbestbackbrace.blogspot.com/2013/06/defining-spinal-disc-problems.html 
Reduced mobility of the neck, a common complaint in the patients with acute or 
chronic neck injuries, significantly diminishes the quality of life[28]. The IVD 
degeneration was found to be correlated with reduced mobility[29], [30]. Range of 
motion (ROM) is used to characterize the flexibility of neck in movements such as 
flexion and extension. Studies show disc degeneration significantly reduces the ROM of 
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C4-C5 and C5-C6 FSU, both of which contribute the majority of angular sagittal mobility 
in the C-spine[30]–[32]. The change of kinematics pattern of C-spine is also 
accompanied by spinal cord compression, which results in deteriorated cervical cord 
function. 
Section Four: Fatigue of IVD by Prolonged Loading 
Mechanical fatigue caused by constant or repetitive loading culminates in the 
failure of normal functions of the IVD and the para-cervical ligaments. Specifically, 
prolonged exposure to the dynamic mechanical loading is detrimental, because the energy 
absorbing function of the highly viscoelastic IVD is not able to respond to the applied 
frequency and amplitude for a long time[33]–[36]. Mechanical loading with high 
amplitude, high frequency is a critical risk factor for neck pain and disc degeneration 
among workers in construction sites[2] and individuals performing monotonous repetitive 
work[3]. Prevalence cervical disc degeneration and neck pain have been increasing over 
the years in aviators in the military[6], [37], [38]. Although general guidelines of 
exposure to whole-body vibration time length were established by International 
Organization for Standardization (ISO-2631-1, ISO-2631-5), the evaluation and 
prediction of occupational parameters related to neck injury are of interest to optimize 
work and/or training planning for individuals.  
Currently, in-vivo IVD biomechanics properties measurement under mechanical 
loading are needed because ex-vivo protocols and FEM still hardly replicate in-vivo 
loading consequences[39]. Firstly, due to the lack of activation, ex-vivo model treats the 
retained para-cervical muscle as passive components and fails to replicate the extra 
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loading and tightening effect exerted by the muscles. Previous muscle related tests of 
human and animal cervical spines have been analyzed only in the context of pure axial 
compression[40]–[42]. Secondly, conducting ex-vivo experiments on cadaver spines is 
challenging because of progressive tissue degradation from bacterial contamination 
during the prolonged periods of loading. The loss of structural integrity in the ex-vivo 
model over time cannot reveal the reason why static loading had little effect on cervical 
spine disc degeneration[43], and intermittent, short time exposure to vibration could be 
constructive in preventing cell degradation in IVD[44]. 
Section Five: Current Assessment Tools 
The clinical examination of the cervical spine includes qualitative measurements 
e.g. physical and functional tests, and quantitative measurements e.g. computed 
tomography (CT). For the purpose of evaluating occupational health in situ, there are no 
gold standards in the physical and functional examination so far, and most of the 
quantitative techniques are not portable and can only be deployed in clinical or lab 
environments. Therefore, ultrasound is considered as a candidate technical tool to provide 
dynamic, portable, real-time imaging of FSU deformation assessment. 
Subsection One: Physical Functional Tests 
In the clinics, visual inspection and functional examination were performed to 
find the abnormality in anatomy, muscle dysfunction and/or reduced movement range of 
the neck and arm of a patient. For visual inspections, the physician looks over the 
lordosis curve of the neck, neck length, head posture, SCM length, and scapular shape of 
a standing patient. For functional examinations, different types of neck, shoulder, upper 
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limb movements are carried out by the patients, including actively 
flexing/rotating/extending neck and arms, being passively moved by the clinicians, and 
resisting a force exerted by the clinician. The mobility range and pain levels are used for 
assessment of impingement, lesion, muscle strength and nerve root related problems.  
The validity, sensitivity, and specificity of different functional examination 
procedures [45], [46] on the neck were reported differently[47], [48] for reasons of 
lacking gold standards and unknown C-spine kinematics inside neck. 
Subsection Two: Static Imaging 
Plane radiographs, MRI and CT are the current gold standards for imaging 
cervical spine anatomy and pathology[49]. CT is better at visualizing 3D bony anatomy 
than MRI, particularly when evaluating for the presence of osteophytes, neural 
canal/foraminal stenosis and facet joint arthropathy (characterized by joint space 
narrowing and cyst formation). MRI is particularly well suited for examining soft tissues 
and bone marrow. Radiologic markers for evaluating the health of the IVD include: the 
hydration of the nucleus pulposus observed on T2 weighted MRI (as the degenerated IVD 
loses water, it becomes dark on T2 weighted images), decreased IVD height, the presence 
of osteophytes. The proteoglycan concentration of the IVD is also well correlated to the 
T1rho signal of the nucleus pulposus[50].  
Subsection Three: Dynamic Imaging 
Static imaging of the cervical spine provides the anatomy picture to radiologist 
and clinician, but the need to assess cervical spine pathology when patients are 
		
12 
performing activities drove the research community to develop quantitative tools to 
measure the kinematics of C-spine in-vivo. Technology advances in MRI expand its 
application in dynamic conditions[51], but the most popular techniques found in literature 
are the biplane fluoroscopy and the motion capture systems. 
Bi-plane fluoroscopy provides a marker-free kinematics measurement of 
vertebrae: two plane-radiographic systems continuously capturing the X-ray projections 
of patients' cervical spine are aligned at orthogonal angles. Being co-registered with the 
vertebra models segmented from CT scans of the patient, the time series of X-ray 
projection images were used to derive to the 6 degrees of freedom (DOF) motion of 
vertebrae. This technique was first proposed to study the kinematics of knee joint and 
shoulder joint[52]–[54] and further developed to study the kinematics of the cervical and 
lumbar spine. The measurement accuracy of bi-plane fluoroscopy on cervical spine 
kinematics is 0.4 mm in translational motion and 1.1° in flexion and extension angles[55], 
[56] on spine fusion patient. The work was followed by measuring C-spine kinematic 
ROM and disc deformation on healthy subjects on each segment[31], [32], [57] and 
Anterior Arthrodesis patients[58].  
Motion capture systems trace the trajectories of markers placed on the human 
body. For example, in an optical motion capture system, reflective or light-emitting-diode 
(LED) markers adhered to skin of specific anatomical landmarks. During the activities of 
human, the markers’ position is tracked by multiple infrared cameras to reconstruct the 
locations of anatomic landmarks. Compared to its application in kinematics studies of 
lumbar spine, hip and knee joints, the optical motion tracking system has fewer studies 
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performed on cervical spine[59]–[61]. Other motion tracking sensors, including an 
electromagnet and ultrasound position sensors, are also used to determine the neck 
motion in time[62], [63]. In recent years, the cervical ROM device which measures the 
neck mobility as articular angles is also successful in expressing the disease progression 
or rehabilitation reliably[64], [65].  
Ultrasound (US) provides a practical, cost-effective alternative for imaging soft 
tissue. Especially for evaluating musculoskeletal pathoanatomy, the ability to capture the 
dynamic real-time motion of internal musculoskeletal structures such as joint and tendon 
movement was demonstrated. For spine studies, it has been previously proved US can 
image change of IVD height[66]. Key landmarks in the musculoligamentous internal 
architecture of the c-spine were compared between US to MRI on human[67]. Other 
studies identified the IVD of the human thoracic and lumbar spines [68] and 
pathoanatomy of IVD ex-vivo[69]. US has been used to measure the compliance of 
lumbar spine FSUs by measuring the change in IVD height after submerging a subject in 
a water bath and applying longitudinal traction[70], [71]. 
Compared to ultrasound imaging, other dynamic assessment methods are less 
portable and have to be implemented in a lab environment because of space and power 
supply requirements. Motion capture system is safe but unable to provide the anatomy of 
the human directly. Numerous studies have quantitated the error caused by skin sliding 
and task movement dependent[72]–[74]. Among all dynamic measurements, bi-plane 
fluoroscopy provides the most precise evaluation of kinematics of C-spine, but the 
radiation exposure to the human subject’s brain and thyroid region is a deep concern to 
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human participants, clinicians, and researchers. Furthermore, the range of activities of the 
human participant is limited because the fluoroscopy systems are immobilized.  
Section Six: A Summary 
With the general description of the problem and the review of current examination 
methods, it is concluded that there are no existing imaging modalities that can provide a 
portable, dynamic, safe, real-time measurement of the deformation of FSU of the C-
spine. For a better understanding of the cervical spine disease in the dynamic 
environment, this thesis proposes that ultrasound will provide a kinematic measurement 
of the FSU of C-spine in response to dynamic loading ex-vivo and in-vivo. Chapter 2 will 
discuss the theory of ultrasound wave propagation and reflection on bone and error from 
noises. Chapter 3 will provide the central and detailed hypothesis, as well as specific aims 
of current thesis. Chapter 4 to 8 will provide the methodology, evidence and results to 
support the claim. Finally, Chapter 9 will summarize the findings and envision future 
work of the thesis research. 	  
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CHAPTER TWO: ULTRASOUND IMAGING OF BONE 
Section One: Musculoskeletal Ultrasound Imaging 
The diagnostic US is primarily used to image soft tissue because it cannot 
penetrate bone. It is less common to apply ultrasound imaging to diagnose disorders of 
the musculoskeletal system because the reflection of the acoustic signal is strong on bone 
structures, which results in image artifacts including the shadowing artifacts (signal void 
behind the bone), mode conversion (direction of acoustic wave is changed on the 
surface). Although these artifacts decrease the image resolution of bone structures, 
clinicians are curious enough to take advantage of ultrasound so that they can non-
invasively obtain a magnified, dynamic window of a local region of bone in 
interventional procedures[75]. Evidence from recent medical research concludes that the 
measurements in the static ultrasound images, e.g. thickness of tendon tear, are valuable 
in the diagnosis of joint injury, including rotator cuff [76]–[79], knee[80] and ankle[81]. 
Because of its sensitivity to fluid flow, Doppler US is also applied to detect the effusion 
of synovial fluid in joints[82], [83].   
The difficulty to couple US transducer to the skin around a joint is another reason 
that limits the application of US in musculoskeletal system imaging. For instance, 
dynamic rotator cuff imaging is challenging due to the large curvature and ROM of 
shoulder joints. As introduced in Chapter 1, the FSU is a cartilaginous joint that allows 
small movement, and the skin around spinal column is flat. Therefore, compared to other 
joint imaging, spine imaging is simplified by the slight joint curvature and relatively 
small movement. In clinics,  US is widely used to visualize posterior lumbar spine 
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anatomy by the clinician in the spinal cord blocking and the lumbar puncture procedures. 
It was demonstrated that needle insertion under ultrasound guidance is advantageous over 
traditional neck block technique in precision and efficacy[84]–[88]. The meta-analysis 
also showed ultrasound guidance could reduce the risks of adverse events in lumbar 
puncture[89]. Besides the application of needle guidance, ultrasound imaging was applied 
to measure the morphology and contraction of the deep back muscles that affect the spine 
function[90]–[93]. 
Section Two: Understanding the Ultrasound Image of Cervical Spine 
We have studied that the neck is a well-engineered structure in the previous 
chapter. The question of how ultrasound images the structures in C-spine now enters the 
scope of our focus. In the in-vivo US image of human C-spine shown in Figure 2.1, the 
surfaces of vertebrae show bright, ridge-like profiles, which rapidly decay over depth. 
The loss of signal is accompanied by the emerging of the shadow artifact below the 
bright bone profile ridge. Although the IVD between vertebrae allows passage of sound 
waves and their echoes, the space between vertebrae is comparatively narrow to the beam 
width of ultrasound (>0.5mm), so the IVD cannot be clearly seen in the image. 
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Figure 2.1 In vivo Ultrasound Image of C-spine with linear array Terason 15L4 (4-15 MHz) 
focused at 20mm. The image depth is 40mm. 
In order to understand the image of the C-spine, it is important to recognize the 
pulse-echo technique, which measures acoustic properties of tissue and forms an image. 
The technique can be briefly described in the following steps: firstly, a short mechanical 
pulse is sent by one or more piezoelectric elements on the surface of ultrasound 
transducer array; secondly, the back-scattered signals of this pulse, or the echoes, are 
captured by a number of receivers; thirdly, these echo signals from the receiving channels 
are processed to form a data time line of echogenicity over depth; finally, the line scan is 
repeated over all the elements of an array on transducer to create a series of lines which 
are interpolated to form a 2D B-mode image of tissue echogenicity. 
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The transmitted acoustic wave and echo propagate through the medium whose 
density and stiffness determine the velocity of the wave; however, most imaging systems 
assume a constant value of 1540 m/s to form the B-mode image. Specular reflection, 
refraction, and absorption affect the amplitude, shape, and/or the direction of the 
propagating mechanical wave. The reflection and refraction take place at the interface of 
two different media. The amplitudes of reflected and refracted waves are governed by the 
acoustic impedance of the two media and the angles of the incidence and transmission 
relative to the normal vector of the interface, which is referred to as the ray theory. The 
factor of reflection (R) and refraction (T), defined by the ratio of the reflected and 
refracted wave to the original wave, respectively, are given as: 
𝑅 = 𝑍: cos 𝜃> − 𝑍@ cos 𝜃A𝑍: cos 𝜃> + 𝑍@ cos 𝜃A  (2.1) 
𝑇 = 2𝑍: cos 𝜃A𝑍: cos 𝜃C + 𝑍@ cos(𝜃A) (2.2) 
where 𝜃> and 𝜃A are the incident angle of medium 1 and transmit angles of medium 2, 
respectively, and Z@ and Z: are the acoustic impedances of media on the incident and 
transmit side, respectively. The tissue absorption takes place in the entire path of wave 
propagation and attenuates the signal, which can be modelled as: 𝐾 = exp	(−𝛼𝑧) (2.3) 
where K is defined by the ratio of the amplitude of the wave at depth 𝑧 to the amplitude 
of that wave at original depth 𝑧 = 0, and 𝛼 is attenuation factor as a power law function 
of wave frequency.  Table 2.1 gives acoustic properties of various types of tissues for 
humans, with the approximation that absorption is linear with frequency. 
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Tissue Sound speed  
(m/s) 
Impedance Z  
(megaRayls) 
Attenuation 𝜶 
(dB/cm/MHz) 
Cancellous bone    1450-1800 1.54−2.2  10-40 
Cortical bone 3000-4000 4−8 1-10 
Muscle, skeletal 1580 1.64 0.74 
Tendon 1650 1.98 3.9 
Fat 1450 1.36 0.8 
Skin 1600 1.7 2-4 
Table 2.1 The Acoustic Properties of Human Tissues. Data from Appendix B in Diagnostic 
Ultrasound Imaging: Inside Out by Thomas L. Szabo, 2nd Edition, Academic Press 
The specular scattering, which follows the ray theory equation (2.1) occurs on an 
object whose characteristic length is larger than the incident acoustic beam’s wavelength 
(typically submillimeter scale) by one order of magnitude. For instance, the dense outer 
surface of the vertebral cortex forms a continuous layer that has a greater dimension than 
the sound wavelength. In such case, the incident angle and effective area in the beam 
affect the frequency and time delays of the wave. Theoretical models were developed to 
predict reflection from the surface of known shape[94] and known roughness[95], [96], 
and will be explained in Chapter 7. Due to the high impedance difference between bone 
and soft tissue, the cortex layer reflects 25%-50% of the total energy[97]. 
We have discussed how an object redirects the propagating wave using a 
simplified ray approach; however, when the characteristic length of scattering objects is 
on or less than the order of the incident beam’s wavelength, scattering is different than the 
ray model. This scattering determines the echogenicity of the tissue that is not on an 
interface. Based on the characteristic length, scattering can be categorized as Rayleigh 
scattering (the characteristic length of the object is less than one-tenth of the wavelength) 
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and diffusive scattering (the characteristic length of the object on the order of the 
wavelength), both of which present in the ultrasound image of C-spine (Figure 2.2). 
 
Figure 2.2 Scattering of Different Tissues in the Ultrasound Image of C-spine 
Rayleigh scattering dominates in the small-size objects e.g. molecule and cell, 
whose characteristic lengths are at the micron scale and much less than the wavelength of 
the transmitted ultrasound pulse. These scatters radiate echoes in all direction(monopole) 
or oscillate in a bipolar pattern after being insonificated (dipole). The mutual interference 
of the scattering waves forms a speckle pattern in the intensity image of the echoes. 
Although the speckle are real physical signals from tissue, they are commonly regarded 
as noise that disrupts the signals from other anatomical structures,  and therefore 
numerous approaches were proposed to “de-speckle” and recover better signal-to-noise 
(SNR) in the ultrasound images[98]–[101].  
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The Rayleigh model is insufficient to describe the diffractive scattering of the 
heterogeneous substructures in tissues e.g. muscles, fat, tendons, and ligament, because 
their characteristic length may be comparable to the sound wavelength. The diffractive 
scatter is the largest category of imaging objects in medical ultrasound. To first order, 
these structures act as secondary sources after being insonificated, which makes the 
scattering pattern be highly dependent on both of the incident angle and the size of 
scatters. Finally, this complicates the backward echoes and forward transmit signals 
inside these substructures.  
It is worthwhile noting two other effects that further complicate the signal in the 
bone cortex: mode conversion and reverberation. In an object which has two boundaries 
with wave reflection capability, the transmitted pulse may oscillate within the structure. 
Due to the high impedance mismatch on the cortex/tissue the interface and the 
cortex/trabecular interfaces, these effects keep part of the sound wave bouncing in the 
cortex, and results in either signal loss (echoes are unable to be received by the 
transducer), or reverberation artifacts (echoes are mapped to the region below below the 
bone because their time delays are misinterpreted). In ultrasound non-destructive testing 
literature, there are methods to filter the reverberation noise on flat multi-layer 
structures[102]–[104], but the bone surface is far more complicated so these filters cannot 
be applied. Early radiology research literature indicated that the artifact was “dirty” and 
provided little information [105], [106], but recent literature suggested that it provided 
additional information for bone surface localization[107].  
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Undoubtedly, the complicated scattering models and the additive sources of noise 
challenge the analysis performed on the ultrasound image of C-spine or other general 
joints in musculoskeletal ultrasound. In the next two sections, we shall review the state-
of-art techniques for displacement estimation and bone surface segmentation, which are 
the two major topics for developing methods for bone kinematics analysis. 
Section Three: Displacement Estimation in Ultrasound 
	
Figure 2.3 Displacement estimation in ultrasound image of soft tissue. Each arrow 
represents the direction of motion in sequential ultrasound frames. Image Source: 
Ultrasound Elastography: Efficient Estimation of Tissue Displacement Using an Affine 
Transformation Model[108]. 
The development of the displacement estimation techniques was mainly driven by 
the progress of ultrasound elastography, a tissue characterization modality that assesses 
tissue elasticity by measuring displacement distributions of the tissue in response to 
applied compression (Figure 2.3). The displacements are usually estimated from 
ultrasound radio frequency (RF) signals, typically using a cross-correlation algorithm[23], 
[109]–[118] or optical flow methods[119]. The cross-correlation method, also referred as 
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the template matching method, is robust in large tissue deformation but computationally 
expensive. The optical flow method, based the intensity and its gradient in an image, is a 
fast computation method to obtain displacement maps but sensitive to large deformations. 
Since both methods cannot recognize the out-of-plane displacement (motion 
perpendicular to the imaging plane), image feature descriptors were further extracted for 
liver tracking[120]–[123], but the error and performances are still suboptimal[124].   
In elastography, it is typical to use the displacement only in the acoustic 
propagation direction[125]–[127] along the acoustic line. The wave propagation direction 
is also referred to as the axial direction, in contrast to the lateral direction along which the 
piezoelectric elements are aligned. Determined by the sampling rate of the receiver, the 
imaging resolution of the axial direction is much higher than that of the lateral direction, 
since  the number of piezoelectric array elements allowed in the system is limited along 
the lateral direction.  However, lateral movement of tissue is inevitable in ultrasound 
elastography, because any axial compression of tissue would convert to the lateral 
expansion or deformation. To increase the accuracy of the displacement estimation in the 
lateral direction, different methods were proposed including subsampling[109], [111], 
[115], [116], [128]  and 2D modeling of tissue deformation[129].  
The intention of current thesis is to measure the deformation of FSU in C-spine. 
The expectation of directly measuring IVD deformation in sequential ultrasound frames, 
however, is difficult to meet, because the signal of the IVD attenuates rapidly in the 
narrow space between two strong reflectors (Figure 2.1). Performing displacement 
estimation on a low SNR object would lead to highly inaccurate results. Alternatively, a 
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practical solution to derive the deformation of FSU is to compute the motion difference 
between adjacent vertebrae. In computer vision, rigid body tracking usually utilizes 
object feature descriptors, e.g. scale-invariant feature transform (SIFT), and local binary 
patterns (LBP), but few research publications in ultrasound suggest these descriptors are 
suitable for the speckle-noised ultrasound image.  
Section Four: Bone Surface Segmentation 
	
Figure 2.4 Ultrasound images of lumbar laminae(a) and the bone surface segmentation 
result (b). Image from “Automatic Detection of Lumbar Anatomy in Ultrasound Images of 
Human Subjects“, published in IEEE Transaction for Biomedical Imaging[130]. 
Accurate bone surface segmentation is valuable in the following two respects: 1) 
excluding the tissue and the shadow from the region of interest will improve the accuracy 
of the displacement estimation of bone; 2) localized bone surfaces can be used to co-
register to ultrasound image to spine models from CT/MRI images. 
The conventional approaches for bone surface segmentation in ultrasound utilize 
the high echogenicity, the high signal contrast to tissue, and the continuity of the bone 
surface. Using these properties, intensity and gradient algorithms were designed to detect 
and localize bone surfaces in ultrasound image[131], including thresholding[132], 
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Bayesian probabilistic model[133], concatenation of multiple computer vision 
techniques[134]–[136] and optimizing the continuity by dynamic programming with 
weights on the intensity [137].  
Due to the attenuation and scattering, the assumption on bone’s high signal 
intensity is sometimes invalid, which led researchers to intensity-independent 
segmentation methods. The phase feature of an image, or spatial changes of signal pattern, 
was found useful in edge detection[138]. Symmetry in the phase congruency features 
described the bone ridge pattern well and succeeded in lumbar spine lamina 
segmentation[84], [130] and bone surface segmentation in 3D ultrasound[139], [140]. 
Other variants of the phase method combine dynamic programming[141], confidence 
weights[142], or bone shadow[107] to improve its accuracy, though it was reported that 
the error of segmentation may heavily rely on parameter choosing[143].   
Machine learning-based algorithms for bone surface segmentation in ultrasound 
also emerged in the last 5 years[144]–[146]. A list of techniques is selected and their 
segmentation errors were shown in Table 2.2. 	  
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Type Techniques Error 
Se
gm
en
t b
y 
In
te
ns
ity
/G
ra
di
en
t  A Workflow Cascading Depth Weighted Thresholding, 
Contour Finding, Adaptive Thresholding and Contour 
Extraction[134] 
0.42mm 
A Workflow Cascading a fuzzy processing, cost 
optimization based on continuity assumption and contrast 
determination[147] 
Cadaver: 0.31 mm  
Human: 0.66 mm 
Bayesian probabilistic modeling[133] not reported 
Optimization based on continuity and smoothness using 
dynamic programming[137] 
0.3 mm 
Active contour method[135] 1.16mm 
Shortest path method[136] 0.8mm 
Se
gm
en
t b
y 
Ph
as
e 
Im
ag
e Ridge feature detection by measuring phase 
symmetry[148], [149]  
Sawbone: 0.34mm 
Cadaver: 0.40mm 
Local phase tensor and dynamic programming[141] 0.2mm 
Phase symmetry and image confidence weighting[142] 0.236mm 
Local phase tensor and bone shadow[107] not reported 
Se
gm
en
t b
y 
Le
ar
ni
ng
  Linear Discriminant Analysis on multiple features (LBP, 
Gabor, and phase symmetry)[150] 
0.38mm 
Support Vector Machine applied on multiple features 
(Difference of Gaussian and templates)[146] 
not reported 
Convolution Neural Network using speckle features[145] 0.2mm 
Table 2.2 Overview of Bone Surface Segmentation Methods 
Section Five: A Summary 
This chapter described how ultrasound imaged C-spine FSU and the technical 
challenges to extract information of FSU from the time sequence of the acoustic signals. 
Along the wave propagation and echo path, the transmitted pulse is affected by the 
scattering in tissue and the reverberation in the bone cortex. Since it is difficult to directly 
image the IVD, the deformation of FSU needs to be measured by tracking movements of 
the vertebral bone structures. Over the last decade, various displacements estimation 
methods were used to measure the tissue deformation in ultrasound image or RF data, but  
these methods focus on analyzing the response of the elastic tissue in short-duration 
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testing. Currently, there is no existing literature that systematically addresses how to 
measure the vertebrae motion by ultrasound.  	  
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CHAPTER THREE: RESEARCH HYPOTHESIS, SPECIFIC AIMS AND 
PUBLICATIONS 
In Chapter 1, we have shown that the dynamic mechanical loading is an important 
risk factor for C-spine degenerative diseases in the workplace. Because of the high 
examination costs, radiation exposures, demanding power requirements or large 
equipment size, current existing imaging modalities e.g. X-ray, MRI, CT or fluoroscopy, 
are not suitable to reveal the progressing fatigue of FSUs in response to the applied 
mechanical loading.  This lack of in-vivo FSU deformation data limits understanding of 
how individual factors (age, sex, heights, and weights) and environmental factors 
(workload, vibration) affect the onset, progression, and remittance of C-spine disease. 
Therefore, a safe, accurate, low-cost technique that enables measurements of the C-spine 
FSU deformation will potentially provide valuable knowledge to assess the function of 
FSUs and diagnose the causes of diseases. 
In Chapter 2, we have shown that ultrasound imaging can potentially provide 
measurements of FSU deformation in-vivo. However, previous applications of ultrasound 
focused on either static imaging of the bone or the properties of soft tissues. The 
capabilities of current existing tracking techniques in ultrasound imaging are insufficient 
to perform accurate measurements of FSU deformation in dynamic environments for long 
durations of activities (>1 minutes). The objective of this thesis is to reduce these burdens 
by developing an ultrasound imaging system and corresponding algorithms to provide 
portable, inexpensive, and safe dynamic deformation measurements of the C-spine FSU’s. 
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The central hypothesis below is investigated with the specific aims associated with each 
detailed hypothesis 1, 2 and 3. 
Central Hypothesis:  
Time sequences of ultrasound imaging signals can be used to characterize the 
deformation of C-spine functional spinal units in response to applied displacements and 
loads. 
Detailed Hypothesis:  
1. The dynamic movement of vertebrae can be measured accurately by a multi-
frame tracking algorithm for the ultrasound radio frequency data.  
Specific Aims: 
A. Develop a multi-frame algorithm to measure the long-term movement of 
rigid bodies in ultrasound image sequences which contains more than 500 
frames. 
B. Conduct ex-vivo experiments to assess the accuracy and precision of the 
algorithm using a plastic vertebra phantom and human cadaveric cervical 
vertebrae.  
C. Compare the accuracy of displacements measurements between the cadaveric 
specimens and the vertebra phantom. 
2. The planar kinematics of cervical spine can be reconstructed by merging dynamic 
vertebrae movement from dual ultrasound systems and MRI. 
Specific Aims:  
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A. Conduct ex-vivo experiments to investigate the compressive and rotational 
response of cadaveric contiguous cervical spine using a dual-ultrasound 
system and C-spine MRI scan. 
B. Conduct ex-vivo experiments on cadaveric specimens to assess the stiffness 
and damping coefficient of a single IVD in contiguous cervical spine column, 
and compare the clinical degeneration grading with the biomechanics 
properties derived from functional spinal unit deformation measured by 
ultrasound. 
C. Develop a RF signal reflection based co-registration model to correlate 
ultrasound bone profiles to an MRI based 3D vertebrae model. 
D. Derive the kinematics of FSUs of human subjects performing jump tests 
from ultrasound image sequences.   
3. The dynamic deformation of functional spinal units is affected by the performing 
activities 
Specific Aims: 
A. Develop the dual-ultrasound system with a transducer mounting system 
which can measure the axial displacement of functional spinal units when 
subjects are performing repetitive jumps. 
B. Recruit human subjects in a study to assess the capability of using dual 
ultrasound to measure the in-vivo FSU deformation when the subjects were 
performing repetitive jump tests. 
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C. Correlate the range of FSU deformation in ultrasound to muscle activities of 
human subjects during the jumping activities. 
The following chapters in this thesis are organized as below:   
The Detailed Hypothesis 1 is investigated in Chapter 4 and Chapter 5. Chapter 4 
proposes a long-term multi-frame tracking algorithm to measure vertebrae motion in 
ultrasound image and compare it to the traditional method of displacements 
measurements in ultrasound image time sequences. Chapter 5 evaluates the performance 
of the algorithm in ex-vivo models under different loading scenarios and identifies the 
factors that influence errors.  
The Detail Hypothesis 2 is investigated in Chapter 6 and Chapter 7. Chapter 6 
proposes a dual-ultrasound system in which the multi-frame tracking algorithm is applied 
to measure the deformation of C-spine FSU at different angles. The planar kinematics of 
FSU can be reconstructed by co-registering the ultrasound measurements on a sagittal 
MRI scan. This system is applied to measure the deformation of C4-C5 FSU in cadaveric 
contiguous C-spine columns and used to derive the biomechanics properties of FSU. 
Chapter 7 further develops this co-registration method to find the kinematics of FSU in-
vivo with a 3D MRI. This method, combining structural information of the vertebra from 
MRI 3D scan with ultrasound image, is validated in vertebra phantom and used to derive 
kinematics of FSU in-vivo.  
The Detail Hypothesis 3 is investigated in Chapter 8, in which the dual ultrasound 
system is used to evaluate the axial FSU deformation of human subjects when they are 
performing repetitive jump tasks with helmets. The correlation of FSU deformation and 
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the para-cervical muscle activities are studied. In the end, Chapter 9 will conclude current 
findings and provide a vision for future works. 
Chapter 4 – 8 include works from one or more papers published or to be 
submitted, which are listed as below: 
Chapter 4: 
• M. Zheng, K. Shiuan, A. Masoudi, D. Buckland, T. Szabo, and B. Snyder, 
“Dynamic Ultrasound Imaging of Cervical Spine Intervertebral Discs,” in IEEE 
Int. Ultrason. Symp, pp. 836–839, 2013. 
Chapter 5: 
• M. Zheng, A. Mohamad, T. Szabo and B. Snyder, “Long-term Accurate Tracking 
of Vertebrae Motion with Ultrasound” (manuscript) 
Chapter 6 
• M. Zheng, A. Masoudi, D. Buckland, B. Stemper, N. Yoganandan, T. Szabo, and 
B. Snyder, "Dynamic ultrasound imaging of cervical spine intervertebral discs," 
in IEEE Int. Ultrason. Symp. IUS, 2014, pp. 448–451. 
• S. Umale, B. Stemper, M. Zheng, A. Masoudi, D. Fama, N. Yoganandan, and B. 
Snyder, "Methodology to Calibrate Disc Degeneration in the Cervical Spine 
During Cyclic Fatigue Loading.," Biomed. Sci. Instrum., vol. 51, pp. 222–229, 
2015. 
Chapter 7 
• M. Zheng, A. Mohamadi, T. Szabo, B. Snyder, "Evaluation of In-vivo Kinematics 
of Cervical Spines by Co-Registering Dynamic Ultrasound with MRI," in IEEE 
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International Ultrasonics Symposium, IUS, 2017, vol. 2017–September, pp. 1–4.  
Chapter 8: 
• M. Zheng, A. Mohamodi, T. Szabo, and B. Snyder, “In-vivo cervical spine FSU 
dynamic motion measured by dual ultrasound: The effect of muscle activation,” in 
IEEE International Ultrasonics Symposium, IUS, 2016, vol. 2016–November, pp. 
1–4. 	
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CHAPTER FOUR: LONG-TERM MOVEMENT ANALYSIS OF VERTEBRA IN 
ULTRASOUND IMAGE SEQUENCE 
Section One: Error Accumulation in Displacement Estimation 
 High frame rate (>30Hz) and long exposure times (>1 minute) are requisite for 
analyzing in-vivo spine kinematics during activities such as running or jumping, which 
leads to the question of how to track large movements in hundreds of ultrasound data 
frames. Traditionally, displacement estimation in ultrasound imaging was made possible 
by matching the RF speckle patterns between consecutive frames in the image sequence. 
The speckle patterns follow as the tissue deforms, but will change eventually as the 
deformation continues over time. Therefore, estimating large displacement from 
nonconsecutive frames is usually avoided. Alternatively, large strains are tracked by a 
frame-by-frame summing method, which breaks a large deformation into a series of 
smaller steps and sums the displacement estimation of each step. 
This framework, also referred as multi-compression in ultrasound elastography, 
will accumulate summing errors and error variances infinitely over time: each 
displacement estimation between consecutive frames contributes an error, so a large 
number of steps leads to a large number of noise-induced errors being summed. For the 
long-term tracking tasks, recent papers proposed methods to reduce drift and studied 
sources of error accumulation in ultrasound electrography[151], [152]. Several methods 
were developed to reduce the drifting[153] by using larger steps, self-correction [110], 
[122], or by building an observation model of the tissue biomechanics[154] without 
changing the step-by-step summing framework. The purpose of this chapter is to present 
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and validate a drift reducing multi-frame tracking framework to analyze ultrasound RF 
data of long-term, large motion of vertebrae. 
Section Two: Multi-frame Algorithm 
Subsection One: Tracking Model 
In tissue elastography, a tissue region of interest (ROI) is divided into smaller 
packets which contain subsets of data samples in the region. The tissue deformation can 
be measured by tracking the displacements of each data packet, as shown in Figure 4.1. 
The displacement of the packets between two data frames is usually found by searching 
for the location of the maximum correlation. Due to the precision requirement from the 
correlation step, RF data frames are preferable than the clinical B-mode image because 
they provide a larger contrast between different packets in the same region. For 
ultrasound bone imaging, the displacements of the packets are restrained by the rigid 
body constraint, and especially for translational rigid-body motion, the displacements of 
all subset packet are equal to the displacement of the entire region. Therefore, the 
measurement of a vertebrae motion can be described by a 2-dimensional(2D) vector 𝑥. 
 
Figure 4.1 Speckle Tracking in Ultrasound RF Data Frames 
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Under the assumption that vertebra deformation is negligible, vertebrae are 
tracked as rigid objects in an ultrasound imaging RF sequence, denoted as	 𝐼 𝑝 , 𝑝 ∈ 𝑃, 
where 𝑝 is a unit data sample that belongs to vertebra region 𝑃 in the RF data. The true 
position of a vertebra at the current frame number 𝑇 is expressed as a 2D vector 𝑥S∗ , and 
the estimation of 𝑥S∗  is denoted as 𝑥S. The goal of accurate tracking is to minimize the 
error between the true position and its estimation at the current frame. When the vertebra 
is in motion, the RF signal pattern of the vertebra changes because the vertebra is re-
positioned in the field of view (FOV) of the ultrasound transducer. The vertebra RF 
pattern in the first frame of the sequence may be an inaccurate template to match the RF 
of the current frame. The conventional method solved this problem by computing 
displacements between temporally adjacent frames and summing the displacements to 
obtain the true position at the current frame. The displacements are usually computed by 
template block-matching or optical flow motion estimation methods.  
The true 2D translational displacement of a vertebra 𝑃	between two RF frames 𝐼U 
and 𝐼A, noted as 𝑑U,A∗ , is the difference of true positions, as shown in Equation 4.1. The 
number of RF data samples in vertebra 𝑃 is denoted as |𝑃|. The computed displacement 
estimation 𝑑U,A is a noisy version of 𝑑U,A∗  with noise 𝜖U,A,	as shown in Equation 4.2. The 
traditional framework only compares the current frame with a previous frame. Provided 
that the initial true position 𝑥Y∗	and its estimation 𝑥Y are (0, 0), in this frame-by-frame 
framework, position estimation 𝑥S was obtained by summing displacements of adjacent 
frames. The error between the true position and its estimation at current frame is the 
summation of noise 𝜖U,A estimated from each frame pair, as shown in Equation 4.3. It 
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suggested the errors accumulate infinitely if only one previous frame is selected for 
comparison. 𝑑U,A∗ = 𝑥Z∗	 − 𝑥A∗	 (4.1)	𝑑U,A = 𝑑U,A∗ + 𝜖U,A	 (4.2)	𝑥[∗ − 𝑥S = 𝑑>\@,>∗[C]: + 𝑥Y∗ −	 𝑑>\@,>[C]: + 𝑥Y = 	 𝜖A,A\@∗[C]: 	 (4.3)	
To solve the problem of infinite error accumulation, Rahimi et al. proposed a 
method which took multiple previous frames, instead of the adjacent previous frame, to 
estimate position change to reduce drifting caused by accumulating errors[155], [156]. 
For each current frame number 𝑇, the historical trajectory of motion was used to select a 
set of the closest neighboring previous frame numbers 𝒦, as illustrated in the shaded 
region in Figure 1. Similarly as the conventional tracking, displacement is estimated 
between 𝑇 and each frame in set 𝒦, but due to the multiple frames chosen, there exist 
redundant displacement estimates which can be used to minimize position estimation 
error and improve the tracking robustness. The minimization problem was modeled as 
Equation 4.4 and approximated as a linear optimization problem in Equation 4.5. argminde 			 ΛU,S\@ 𝑥S	– 𝑥U − 𝑑U,S : + ΛS,U\@ 𝑥U	– 𝑥S − 𝑑S,U : 	Z∈𝒦 	 (4.4)	(ΛU,[\@ + ΛS,U\@)𝑥>U∈𝒦	 − (ΛU,S\@ + ΛS,U\@)𝑥UU∈𝒦 − (dZ,[ΛU,S\@ − 𝑑S,UΛS,U\@)𝒦 = 0	 (4.5)	
where 𝚲Z,i is covariance of vertebra RF between frame 𝐼U and 𝐼A.  The approximation of 𝚲Z,i is derived in Equation 4.6. 
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𝚲Z,i = 1𝑃 𝐼U 𝑝 + 𝑑U,A 𝑝 − 𝐼A 𝑝 :j∈k [𝛻𝐼U 𝑝 S	𝛻𝐼U 𝑝 ]	 (4.6)	
While sufficient information exists to solve all 𝑥A(𝑡 = 1. . . 𝑇) uniquely in the frame-by-
frame analysis, when multiple frames are chosen, redundant displacement estimates can 
be used to minimize the position error and improve tracking accuracy. In our multi-frame 
analysis, the algorithm solves Equation 4.5 for each RF frame recursively at each time T. 
We chose the image set by looking for the closest four frames in the historical trajectory, 
as illustrated in Figure 4.2. 
	
Figure 4.2 Object trajectory in cyclic motion with time increments. Black dots show 
previous locations in history and solid framed dots show current object location. Four 
previous frames were selected when the object tracked was neighboring current locations, 
as shown by the gray circle. Object displacements were estimated by calculating the 
normalized cross-correlation between all these frames with current frame, and the 
redundant information can be used to reduce error over the long-term. 
Subsection Two: Displacement Estimation 
In our implementation, this multi-frame framework needs a motion estimator to 
compute 𝑑U,A(𝑥); therefore, we selected 2D normalized cross-correlation (NCC) with 
subsample estimation to measure translational motion of vertebra. To focus on estimating 
displacements of the vertebra, their profiles in the first frame of ultrasound RF data were 
manually outlined as ROI. Because the acoustic echo signal from the vertebra surface is 
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significantly stronger than the surrounding tissue or the ambient environment, the 
samples of vertebra were then further localized by thresholding a 2D moving average 
filtered image of the ROI. The dimensions of this tracking kernel in NCC matching, 
which is a subset of the RF data in the ROI around a grid point, are 3 lateral and 15 axial 
samples. For the purpose of fully validating tracking accuracy, no data point reduction 
was used in our experiments. Since most of the motion measured is in the low-resolution 
lateral direction of the ultrasound image, a quadratic fitting subsample estimation method 
was applied. If the vertebra is considered to be a rigid body, the displacement estimation 
of the vertebra cortical surface is derived by averaging over all the localized kernels 
which have a correlation coefficient over 0.85. Tracking algorithms were implemented on 
MATLAB 2016b (MathWorks, Natick, MA) to provide 2-dimensional translational 
displacement of the applied uniaxial vertebra motion. For a ROI that contains 3000 data 
samples, the average running time is 6.6 seconds per frame on one core of the central 
processing unit in an Intel Core i5 processor. 
Section Three: Experimental Methods 
To validate the accuracy of the multi-frame tracking method, precise axial motion 
was applied to a vertebra phantom, which was developed to replicate a perfect in-plane 
bone motion and exclude the factors such as tissue deformation. With the knowledge of 
ground truth data, the focus was to compare the accuracy of tracking long ultrasound 
image sequences with the multi-frame tracking and the traditional frame-by-frame 
methods. 
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Subsection One: Data Acquisition 
The applied movement displacement, measured by a linear voltage displacement 
transformer (LVDT) and used as reference ground truth data, is compared to the tracking 
results from ultrasound RF data. Test specimens were mounted onto the piston of a 
material testing system Instron 8511 (Instron, Norwood, MA) and immersed in a water 
tank, as illustrated in Figure 4.3. The uniaxial displacement applied was measured by an 
internal LVDT with a sampling rate of 1000 Hz. This data was considered to be the 
ground truth.  Ultrasound image and RF data were acquired by an ultrasonic system 
(Terason T3200, Terason Corp, Burlington, MA) with a Vermon 8IOL4 linear array (128 
elements, center frequency: 3.6MHz). The transmit focus length and imaging depth were 
set to 20mm and 40mm, respectively, at data acquisition rate of 54Hz. Time gain 
compensation were set to the same intermediate value. The start of each data acquisition 
was synchronized between the LVDT and ultrasound system. The projection angle was 
found by minimizing the square error between the LVDT sensor measurement and a 
projection of the 2D displacement of ultrasound tracking. 	
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Figure 4.3 Specimen and alignment coupler mounted to the piston of Instron system. The 
piston drives specimen to move in a cyclic pattern. This motion of the specimen was 
captured by the ultrasound transducer in a water tank. 
Since the data acquisitions from the LVDT and ultrasound imaging were 
synchronized, and the LVDT sampling rate (1000 Hz) is much higher than the sampling 
rate of ultrasound imaging (54 Hz), motion tracking results were mapped to the 
concurrent LVDT data points. The measurement errors were computed by subtracting the 
tracked results from the ground truth data measured by the LVDT.  
Subsection Two: Vertebra Phantom 
A vertebra phantom was created from a segmented CT scan of a C4 vertebra from 
a cadaver as shown in Figure 4.4. An alignment coupler to avoid off-plane motion was 
printed with the phantom by a Form2 Desktop Stereolithography (SLA) 3D Printer 
(Formlabs, Boston, MA). There are 36 narrow slits on the coupler, spaced by 10° from 
one to another, by which reference structures are created to align and to recognize the 
imaging angles. When the transducer is aligned, an unobstructed image of the phantom is 
seen, and the transducer captures an image plane that includes the center axis of motion. 
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Misalignment causes walls of alignment coupler to appear in the image. These reference 
structures were used to generate different ultrasound vertebra phantom profiles on the 
specimens. In our experiment, RF frame data were acquired in 18 different imaging 
angles on one side of the phantom at equal angular increments. The vertebra phantom 
was subjected to a total of 40 sets of sinusoid displacements movement all with integer 
value combinations of frequencies (1-10 Hz) and amplitudes (1–4 mm), over 10 seconds.	
 
Figure 4.4 Vertebra model and alignment coupler. (a) Alignment coupler. The top part 
serves as a positioning connector. A machined screw is inserted through the top hole and 
connected to the material testing system which applies axial motion. The bottom part 
provides alignment support to establish co-plane registration between the ultrasound 
imaging plane and movement axis. (b) Ultrasound image of the slit structure in the 
alignment couple. The depth of the bottom is 3.3cm from the surface of the coupler (c) The 
C4 phantom model developed from CT scan from a cadaveric vertebra. 
Subsection Three: Error Variance Analysis 
Error variance is used to analyze the effects of test duration on the reliability of 
measurements. It is capable to assess accumulated displacement error over time[151], 
[152], and compare the performances between the frame-by-frame and multi-frame 
tracking of the vertebra phantom under cyclic sinusoidal motion. The error variances at a 
specific time were derived from the tracking results of 18 different bone profiles on the 
		
43 
phantom under the same testing protocol, i.e., same frequency and amplitude. Since the 
increase of error variance over time indicates the decrease of measurement credibility, it 
provides a statistical time-dependent view of the error accumulation in the long-term.  
Section Four: Results 
Subsection One:  Multi-frame and Frame-by-frame Tracking in Vertebra Phantom 
Compared to Reference Data 
Displacements are compared among tracking results of the multi-frame, the 
frame-by-frame methods and the reference measurement data from LVDT. Figure 4.5 
shows significant accumulating drifts with increasing time in the frame-by-frame method, 
which was observed in all measurements tracked by the frame-by-frame method. More 
measurements under different amplitudes over the entire time course are shown in Figure 
4.5. Higher frequency and higher amplitude brought more drifts in tracking for the same 
number of frames. The multi-frame tracking method gives a tracking measurement well 
correlated with the reference displacement. 
		
44 
	
Figure 4.5 Representative displacement measurements from the multi-frame and the frame-
by-frame tracking methods for frequencies 2Hz, 4Hz, 6Hz and 8Hz. The applied amplitude 
is 1mm and the imaging plane is oriented at 5 degrees from the sagittal plane. The multi-
frame is well correlated with the reference data, while the frame-by-frame measurement 
drifted after a few cycles. 
 
Figure 4.6 Representative displacement measurements from the multi-frame and the frame-
by-frame tracking methods for frequencies 2Hz, 4Hz, 6Hz and 8Hz and amplitudes 1mm, 
2mm, 3mm, 4mm over the entire time course of the test. 
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Subsection Two: Error Variances of Measurements from the Multi-frame and the Frame-
by-frame Tracking 
Error variances for the two tracking methods over longer periods of time are 
compared in Figure 4.7, which includes the frame-by-frame and multi-frame results of all 
40 cyclic sinusoidal protocols. Error variance increases over time using the traditional 
frame-by-frame method, and the multi-frame method has similar variance increase at the 
beginning of application of the sinusoidal movement. But its variance stabilizes over time 
and is 1-2 magnitudes lower compared to the traditional technique after displacements are 
accumulated over 200 frames. These results suggest that using the multi-frame method 
has significant advantages for tracking rigid body motion in long-duration tests. 
	
Figure 4.7 Error variance for the two tracking methods as a function of number of frames 
in vertebra phantom cyclic sinusoidal experiment. Each individual curve represents the 
error variance over time under a specific protocol of amplitude and frequency combination, 
either tracked by frame-by-frame method (red) or multi-frame method (blue). Each 
experiment has 0.5 second of position hold in the start, 10 seconds of cyclic loading and 0.5 
second of position hold in the end. 
Section Five: Discussion and Conclusion 
Using the multi-frame strategy can greatly improve the accuracy of tracking 
vertebra motion in ultrasound RF data sequences over long time durations. The 
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measurement uncertainty of displacement sensor in Instron testing system is ±20µm. 
Thus, it provided an accurate reference for the error estimation between tracking 
methods. Specifically, we compared the accuracy and accumulated error of tracking 
measurements between the multi-frame and conventional frame-by-frame algorithms and 
show the advantages of using the multi-frame method over a wide range of amplitudes 
and frequencies of vertebral motion.  
For validation, we applied tracker methods that were previously well established: 
NCC-based template matching and sub-sample lateral estimation. Nonetheless, other 
feature extraction and tracking methods can also be applied to this framework. This 
model-free method does not require prior knowledge compared to other error 
accumulation reducing techniques. In our validation, a cyclic loading protocol was used 
because it is one of the most often used testing protocols for the biomechanics testing of 
joints. The frequency and amplitude parameters in the protocol were chosen based on the 
prevalence of these frequencies in a vehicle[157] and the average cervical IVD heights of 
human[158].  
Furthermore, an estimation of displacements for the lateral direction of ultrasound 
beam was considered noisy and not reliable for ultrasound elastography[125], [159]. The 
resolution of lateral direction was limited by the focusing ultrasound beam width and the 
pitch of acoustic elements. Different subsample estimation methods were proposed[109], 
[110], [116], [128] to measure the lateral displacement more accurately. Compared to the 
axial displacement measurement, the subsample method introduced more bias and error 
because it used a fitting method to estimate the peak displacement between samples, and 
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therefore was more subjected to the accumulated error in conventional ultrasound 
elastography. In the experiment design, the majority of displacement is lateral, and the 
multi-frame tracking method provides accurate lateral displacement with a simple 2D 
quadratic fitting subsample estimation. Another study has reported multi-dimensional 2-
D polynomial fitting method provided better estimates in simulation experiments[109], 
but it is beyond the scope of the current study. 
The multi-frame method utilized repetition and historical information. Because 
the method uses the redundant information to reduce error, there is an increase of 
computational resources required, and the computation demand increase is proportional 
to the number of the closest historical frames used in the algorithm. The multi-frame 
method requires multiple operations to estimate the displacement of the vertebra in each 
image frame, and thus increases the computation time. Further optimization can be made 
on accelerated NCC computation by using general-purpose graphics processing units 
(GPU) or replace NCC with other correlation methods, such as Sum of Square Difference 
(SSD). In our experiment, implementing SSD reduced the time consumed by correlation 
to 1/8 of using NCC, with an error increase of less than 10%. 
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CHAPTER FIVE: ANALYSIS OF FACTORS DETERMINING QUALITY OF 
VERTEBRA TRACKING IN ULTRASOUND 
Section One: Tissue Decorrelation and Quantifying Limits of the Multi-Frame 
Tracking Algorithm 
The previous chapter presented a multi-frame algorithm that would enable the 
tracking of vertebra movement in a prolonged sequence of ultrasound RF data. However, 
although using redundant information from multiple frames of RF data can significantly 
reduce accumulation of errors, the quality of movement tracking is limited by the 
inherent displacement estimation error between two RF frames still affects the accuracy. 
For correlation-based displacements estimation methods, the main source of error lies 
with the change of RF signals from deforming tissues, which is referred as decorrelation.  
In the context of vertebra tracking, the decorrelation of tissue RF signals occurs 
when there are changes in the relative distance between ultrasound acoustic elements and 
bone surface, and/or the tissue medium through which the ultrasound wave propagates. 
These error sources are common in the targeted application scenarios in which ultrasound 
imaging is used to quantify C-spine FSU deformation in a dynamic environment. 
Therefore, it is important to quantify the ranges of these errors and establish the technical 
specifications of applying ultrasound imaging and the multi-frame tracking algorithm to 
measure the vertebra movement ex-vivo and in-vivo. 
In this chapter, two factors that affect the accuracy and precision of the movement 
analysis in ultrasound using multi-frame tracking will be investigated: motion artifact and 
tissue artifact. The tracking algorithm was further applied to phantom and cadaveric 
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vertebra samples in various loading protocols. Differences of characteristics between the 
vertebra phantom and cadaveric vertebrae were considered to estimate error of the 
tracking technique. 
Section Two: Experimental Design 
The goal of this experiment is to evaluate the contribution of motion artifact and 
tissue artifact to the measurement error. Various loading protocols were applied to a 
vertebra phantom and cadaveric cervical vertebrae with soft tissue. The error contribution 
correlated with applied motion velocity and retained tissue volume are delineated by 
parametric analysis.  
Subsection One: Testing Specimens 
One vertebra phantom was fabricated by 3D printing as described in section 4.3.2, 
and six vertebras (C4, C5 and C6) were obtained from 2 fresh-frozen human cadaveric 
cervical spines. The levels were chosen because ultrasound can easily image these 
regions in-vivo. After defrosting at 4°C, the contiguous specimens were dissected into 
individual vertebra. Para-cervical muscles and tissue were retained to mimic 
physiological condition and validate the tracking capabilities. A pedicle screw, normally 
used for spinal fusion surgery, was anchored on the vertebral body and used to connect 
the cadaveric vertebra to the alignment coupler, which can mount to the piston of the 
Instron 8511 material testing system. 
Eighteen different imaging angles on one side of the phantom with equal angular 
increments (5°, 15°, ..., 165°, 175°) were used to generate different ultrasound vertebra 
phantom profiles. RF frame data were acquired in 5 different imaging angles of each 
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cadaveric specimens (5°, 25°, 85°, 155° and 175° from the middle sagittal plane) to 
reflect the different bone surface profiles of important anatomical landmarks (anterior 
vertebral body, vertebral body, facet joint, laminar and spinous process), as shown in 
Figure 5.1.  
 
Figure 5.1 Row 1: Vertebra model intercepted by imaging planes(grey) at different 
orientations to reflect the different bone surface profiles of important anatomical 
landmarks (anterior vertebral body, vertebral body, facet joint, laminar and spinous 
process). Row 2: B-mode ultrasound images of the anatomical landmarks of the vertebra 
phantom. Row 3: B-mode ultrasound images of the anatomical landmarks of a cadaver 
specimen. 
Subsection Two: Cyclic Sinusoidal Protocols and Assessment of Motion 
Since the biomechanics properties of adjacent spinal segments were often 
evaluated by testing of passive motion ex-vivo[160], [161] and in vivo[157], [162], or 
assessing in-vivo functional abilities in repetitive active motion[163], sinusoidal cyclic 
loading waveforms at different frequencies and amplitudes were chosen to mimic passive 
applied motion. Using the same experimental platform as described in section 4.3.1, the 
vertebra phantom and cadaveric vertebrae were subjected to a total of 40 sets of sinusoid 
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displacements movement all with integer value combinations of frequencies (1 - 10 Hz) 
and amplitudes (1 - 4mm) for 10 seconds.	On the vertebra phantom, this set of loading 
protocols was repeated over the 18 imaging angles. On the six cadaveric vertebrae, this 
set of loading protocols was repeated over the 6 anatomical landmark imaging angles. 
The LVDT in Instron testing system provided displacement measurement reference	for 
tracking error estimation.	
To describe the overall speed of motion in one cycle and, we introduce the 
average absolute values of velocity 𝑣 , as approximated in Equation 5.1, which is 
proportional to the product of amplitude, 𝐴, and angular frequency, 𝜔, or frequency of 
motion, 𝑓. 
𝑣 ≈ 𝜔2𝜋 |𝑦A· |𝑑𝑡S]:xyY = |𝐴𝜔𝑐𝑜𝑠 𝜔𝑡 |𝑑𝑡S]:xyY = 2𝜋 𝐴𝜔 = 4𝐴𝑓	 (5.1) 
where 𝑦A is a sinusoidal waveform function of time 𝑡	with amplitude 𝐴, angular 
frequency 𝜔, and period of 𝑇. 
Subsection Three: Tissue Segmentation on Cadaver Vertebrae Ultrasound Images and 
Assessment of Retained Tissue Volume  
Segmentation of the tissue on the bone surface is performed in the ultrasound 
image for two reasons: 1) displacements of soft tissue needs to be excluded from tracking 
results so that only bone motion is measured; 2) the thickness of tissue on the bone 
surface is used as a metric to estimate the volume of tissue on bone surface.  
Due to the difference in acoustic echogenicity, tissue and bone can be segmented 
by applying an absolute threshold to the intensity of RF data envelopes, as illustrated in 
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Figure 5.2. The range of RF data is based on the hardware design of system. Given that 
the envelope intensity of bone surface signals exceeds 1000 in the Terason T3200 
imaging system, [20, 500] was considered to be the echogenicity value for soft tissue in 
the experiments. To evaluate the effect of retained tissue artifact, the thickness of tissue 
presented on bone surface was averaged and used as a metric to estimate the volume of 
tissue on bone surface. 
 
Figure 5.2 (a) Ultrasound image of a cadaveric vertebra. The image was segmented to 
differentiate retained tissue layer (b) and bone layer(c). The numbers of time samples on RF 
lines were averaged to calculate the retained tissue thickness in the region of the segmented 
tissue layer.  
Subsection Four: Displacement Estimation and Error Analysis 
The displacements of the vertebra phantom and cadaveric specimens in ultrasound 
RF data were measured by the multi-frame tracking algorithm. The mean square 
error(MSE) of the tracking results with respect to the LVDT data from the Instron 8511 
system of a 10-second RF data sequence, was used to evaluate the overall measurement 
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error between different protocols. The MSE, 𝜎:, of phantom and cadaver specimen 
tracking results were computed for every experimental condition, as shown in Equation 
5.2. 
𝜎: = 𝑥(𝑡) − 𝑥∗(𝑡) :~A]@ 𝑁  (5.2) 
where 𝑁 is the number of data frames. 𝑥(𝑡) and 𝑥∗ 𝑡  are the true position and estimated 
position of vertebra in ultrasound image, respectively.  
To delineate the motion and tissue effects in decreasing tracking quality, we 
assume they introduce independent noises 𝑛 𝑡  and 𝑛A>U 𝑡  in vertebra position 
estimation as shown in (5.3). Since the contribution of MSE from motion artifacts, 𝜎: , 
can be estimated from vertebra phantom tracking, a decomposition of the MSE, as shown 
in (5.4), would allow us to determine the contribution of MSE from tissue, 𝜎A: in 
cadaveric vertebrae tracking. 𝑥∗ 𝑡 = 	𝑥 𝑡 +	𝑛 𝑡 +	𝑛A>U 𝑡 	 (5.3)	𝜎: = 𝑥(𝑡) − 𝑥∗(𝑡) :~A]@ 𝑁 = 𝑛 𝑡 + 	𝑛A>U 𝑡 :~A]@ 𝑁 = 𝑛: 𝑡 + 𝑛A>U: 𝑡~A]@~A]@ 𝑁= 𝜎: + 𝜎A>U: 	 (5.4)	
Section Three: Results 
Subsection One: Tracking Error of Vertebra Phantom under Different Cyclic Sinusoidal 
Motion 
In order to quantify the overall effects of amplitude and frequency on the tracking 
of vertebra phantom, MSE in multi-frame tracking under a specific amplitude and 
frequency is evaluated for the 18 vertebra bone profiles on the phantom. The average 
value and standard deviation of MSE, reported in Figure 5.3, suggest that MSE in 
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vertebra phantom tracking is dependent on the dynamic motion parameters. In each 
frequency group, the larger amplitude of vertebra phantom motion results in an increase 
of the MSE. Between the frequency groups, the higher frequency of vertebra phantom 
motion with the same amplitude also results in an increase of the MSE. Therefore, at the 
sinusoidal motion of 1Hz and 1 mm amplitude, multi-frame tracking provides 
measurement with the lowest MSE of 1.31´10-3 mm2, in which the error percentage, 
approximated by RMSE divided by amplitude, is 3.6%. The largest MSE in tracking 
vertebra phantom motion of 10 Hz and 4 mm is 6.03´10-1 mm2, in which the error 
percentage is 19.4%. The standard deviation of MSE ranged from 7.33´10-4 mm2 (1Hz, 
1mm) to 2.33´10-2 mm2 (10Hz, 4mm). 
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Figure 5.3 Displacement tracking errors for the multi-frame tracking of phantom, 
described by MSE, are dependent on the frequency and the amplitude of applied sinusoidal 
movement. Each bar represents average MSE of 18 independent tracking result of phantom 
image sequences, and the error bars show the standard deviations of MSE between vertebra 
profiles on phantom. 
Subsection Two: Tracking Error of Cadaveric Vertebrae under Different Cyclic 
Sinusoidal Motions 
Similarly, to quantify the overall effects of amplitude and frequency on the 
tracking of cadaveric vertebrae, MSE in multi-frame tracking under a specific amplitude 
and frequency is evaluated for all 5 landmarks of the 6 cadaveric vertebrae. The average 
value and standard deviation of MSE, reported in Figure 5.4, suggest that MSE in 
cadaveric vertebrae phantom tracking is also dependent on the protocol motion 
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parameters. Likewise, either higher motion frequency or larger amplitude will result in 
error increase in tracking. The lowest and largest MSE of using the multi-frame method 
to track cadaveric vertebrae are 1.87´10-3 mm2 (1Hz, 1mm, error percentage to applied 
amplitude: 4.32%) and 6.80´10-1 mm2 (10Hz, 4mm, error percentage to applied 
amplitude: 20.6%), respectively. The standard deviation of MSE ranges from 1.87´10-3 
mm2 (1Hz, 1mm) to 2.30´10-1 mm2 (10Hz, 4mm). 
When these results are compared to those in the tracking vertebra phantom, MSE 
in tracking cadaveric vertebra increased 28% for all testing protocols on average, and the 
standard deviation increased 620% on average. Changing the imaging orientation or 
specimens has a much larger effect on the error in tracking cadaveric vertebrae, so it has 
a much larger variance between trials. The major difference between the cadaveric 
vertebrae and vertebra phantom is that the vertebrae have soft tissue covering on the bone 
surface, which will be discussed in next subsection. 
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Figure 5.4 Displacement tracking error for the multi-frame tracking of cadaveric vertebra 
in MSE, are also dependent on frequency and amplitude of the applied sinusoidal 
movement applied to cadaver specimens. Tracking was based on the assumption that 
vertebrae were rigid bodies and provided consistent RF speckle pattern as phantom. 
However, the retained tissue on the cadaver bone surface actually brought change to the 
image and increased the mean and standard deviation of MSE. 
Subsection Three: Contribution of Motion Artifact to Tracking Error 
To study the motion artifact, the average absolute velocity, defined in Equation 
5.1, is correlated with the MSE of phantom vertebra, as shown in Figure 5.5. MSE 
quadratically depends on average absolute velocity with coefficient of determination (R2) 
of 0.96. The result indicates that multi-frame tracking provides robust measurements for 
low speed rigid body motion. At higher speeds, motion introduces artifacts to the rigid 
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ultrasound image speckle pattern and there is a loss of RF signals correlation between 
frames.  
 
Figure 5.5 The MSE of tracking a rigid phantom is plotted as a function of the average 
absolute velocity of applied sinusoidal movement, denoted as 𝒗. Motion speed leads to 
larger motion between frame to frame and introduced tracking errors. The R2 of quadratic 
fitting model (𝝈𝒗𝟐 = 𝟐. 𝟑𝟒×𝟏𝟎\𝟓𝒗𝟐 − 𝟏. 𝟑𝟓𝟖𝟎×𝟏𝟎\𝟒𝒗 + 𝟎. 𝟎𝟎𝟓) is 0.96. 
Subsection Four: Contribution of Retained Tissue Artifact to Tracking Error  
Based on the assumption that artifacts from motion and tissue are independent, 
the error contribution from the tissue is decomposed by subtracting MSE of the motion 
artifact, as illustrated in Figure 5.6, from the total MSE of tracking cadaveric vertebra as 
shown in Equation 5.4. As described earlier, the kernels of soft tissue were excluded from 
the ROI so that only movements of the bone surface region were tracked. However, 
because of the concurrent tissue movement during the vertebral loading process, the 
retained tissue inconsistently changed the RF pulse signal pattern along its propagation 
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path before the pulse approached the bone surface. Therefore, the average thickness of 
tissue above the bone surface positively correlates with the tracking accuracy with R2 of 
0.69 in a quadratic fitting model. The MSE contributed from the retained tissue was close 
to zero in cadaver specimens that have less tissue left on the surface (thicknesses less 
than 4 mm), while the mean and standard deviation increases dramatically in specimens 
that have greater tissue retained. These results indicate that tissue changed the bone 
surface speckle pattern and de-correlated signals between frames during tracking.  
 
Figure 5.6 MSE introduced by tissue plotted as function of tissue thickness, denoted as k. 
Each data sets represents the MSE of one specific image orientation of cadaver specimen 
averaged over all 4 amplitudes and 10 frequencies. The R2 of the quadratic fitting 
model(𝝈𝒕𝒊𝒔𝟐 = 𝟏. 𝟒𝟏×𝟏𝟎\𝟑𝒌𝟐 + 𝟏. 𝟏𝟏×𝟏𝟎\𝟗)  is 0.69. 
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Section Four: Discussion and Conclusion 
Minimizing error accumulation in long term tracking with the multi-frame method 
allowed us to study the errors induced by factors in spine kinematics studies e.g. the 
amplitude and frequency of motion and tissue thickness effects. It is shown that relative 
velocities between the vertebra and ultrasound transducer would significantly affect the 
tracking accuracy, and the human cadaveric specimen tracking accuracy depends on the 
thickness of retained tissue. Previous literature studies reviewed signal decorrelation 
factors such as signal intensity variation and tissue non-rigid deformation [123], [164] 
affected speckle tracking accuracy, which implies the tissue deformation can possibly 
result in a bone signal decorrelation as well. For in-vivo ultrasound imaging, motion of 
vertebra and surrounding tissue are not necessarily parallel and synchronized, so it can be 
expected that changes in the thickness of different tissues could also introduce the effects 
equivalent to our cadaveric experiments.  
The results of study reveal the precision and accuracy of the measured vertebra 
displacements are dependent on the setup of ultrasound probes and the design of 
kinematics tests. The analysis of vertebra phantom establishes the tracking errors of 
different kinematic tests in best-case scenario. The analysis of cadaveric specimens 
indicates soft tissues de-correlates RF signals on bone surface, so it is advantageous to 
choose shallow anatomical landmarks on vertebrae motion tracking. We demonstrate that 
ultrasound can provide a portable, low cost imaging modality capable of quantifying 
dynamic cervical vertebrae displacement for long time durations. The dynamic data 
generated using an ultrasound system to image the dynamic performance of cervical 
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spine FSUs in subjects performing representative work and sports related activities 
provides direct evidence of the integrity and functional performance of the cervical spine.  	  
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CHAPTER SIX: DUAL ULTRASOUND IMAGING OF CADAVERIC C-SPINE 
AND MEASUREMENTS OF KINEMATICS 
Section One: Investigating the Biomechanics of C-spine Ex-vivo 
In Chapter 1, we have studied on the relationship between neck pain and the 
progression of acute or chronic IVD degeneration, which is associated with the change of 
FSU biomechanics properties. The evaluation of C-spine FSU biomechanics properties, 
including but not limited to stiffness, elastic modulus, damping coefficient and failure 
strength, requires measurements of intradiscal pressure and IVD deformation in-vivo, 
which are extremely difficult to quantify in the spine of alive human beings[165]. Ex-vivo 
test on human or animal cadaveric C-spine specimens provides a simplified scenario to 
assess the consequence of applied loading. The typical experimental setup of C-spine 
biomechanics assessment is shown in Figure 6.1: a contiguous C-spine specimen 
containing multiple FSUs is mounted to a material testing system, which has a piston that 
applies loading and a load cell to measure force. The kinematics of the FSUs of interest 
are usually measured by position tracking or strain gauging devices, e.g. active or passive 
reflective markers in optical motion capture system, or an extensometer. However, due to 
the instability in structure, the applied stress in each FSU level does not remain axial. 
Furthermore, the placement of markers or strain gauges affects the evaluation of 
reconstructed kinematics and deformation of the FSU, which requires additional 
registration processes to measure the exact relative locations of the markers relative to the 
specimen.  
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Figure 6.1 Typical experimental apparatus for C-spine biomechanics evaluation 
In this chapter, to address these difficulties in vertebra kinematics measurements, 
a dual ultrasound imaging system is proposed to image the C-spine stereographically, 
measure the planar kinematics and derive the stress-strain relationship of cadaveric C-
spine ex-vivo in a creep test loading protocol. The dual ultrasound systems are 
synchronized to each other and used to measure the rotation and translation of vertebrae 
in a plane by utilizing the multi-frame tracking method discussed in previous chapters. To 
derive the elasticity of FSU, a cadaveric spine loading protocol is developed to examine 
the response of the C4-C5 in a contiguous C2-T1 column in the creep test. The elastic 
modulus of the C4-C5 FSU is derived from a simple linear elastic model and correlated 
with the MRI of the specimen to show how the disc degeneration affects the deformation 
of FSU.  
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Section Two: A Stereographic Dual Ultrasound System 
To study the vertebrae motion during neck flexion or extension, stereographic 
ultrasound method capable of imaging at a high frame rate was developed. Two 
ultrasound systems are used to track the motion of vertebrae anteriorly and posteriorly. 
Consistent anatomic landmarks were identified on each of the imaged vertebrae to 
standardize FSU kinematics and IVD displacement measurements. The anterior window 
and posterior window for ultrasound transducer placement were set on the same plane, as 
shown in Figure 6.2, which allows the anterior vertebral bodies and the spinal process to 
be seen respectively.  
 
Figure 6.2 Anterior and Posterior ultrasound images of a Cadaveric C-spine compared to 
its MRI scan. 
In order to provide simultaneous synchronized real-time imaging views of the 
spine, a dual ultrasound system synchronization mechanism was designed, as shown in 
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the block diagram of Figure 6.3.	A separate ultrasound device (Terason T3200. Teratech 
Corporation, Burlington, MA) is assigned to be the Master of the dual-system, directing 
the Slave device in signal and data synchronization in a special “synchronous acquisition” 
mode. In this mode, the Master and Slave are connected by a serial communication cable 
over the 8-pin mini DIN port on the system.  The Slave system ultrasound scanning is 
paused and waits for an 8-bit, 48µs long sync pulse over the serial cable. Once the Master 
system sends out the sync pulse to the Slave system at every ultrasound image frame 
boundary, the Slave replies with a handshake signal in less than 1µs. After the handshake 
signal, both Master and Slave systems collect a frame synchronously, and the dual system 
acquires US RF data frame at every sync pulse. The dual system has scanning frame rate 
of 52 frames per second. The orientation of each array is important, which will be 
discussed in following sections, to avoid the signal interference. RF data output in binary 
format is streamed to a solid-state hard drive at the dual ultrasound scanning frame rate. 
 
Figure 6.3 Design of Dual Ultrasound System. Both of the Master and Slave system have 
individual components to process, save RF data and record image. The Master sends a 
triggering pulse and the Slave replies with hand-shake signals to enable simultaneous 
imaging. 
		
66 
Section Three: Geometrical Representation of Cervical Vertebrae 
To correctly correlate the ultrasound images from dual ultrasound systems and 
determine the dynamic kinematics of vertebra in 3D space, geometrical information about 
the C-spine is needed from the MRI T2-weighted scan (3 Tesla, GE Discovery MR750, 
General Electric Healthcare, Chicago, IL) of the contiguous C-spine specimens. Three 
anatomical landmarks (the midpoint of anterior margin, the midpoint of posterior margin 
and the point of spinous processes tip) on the C4 and C5 vertebra and the height of C4-
C5 IVD were manually measured on the sagittal plane of MRI scan, as illustrated in 
Figure 6.4.  
 
Figure 6.4 Measuring the Anatomical Landmarks on C4 and C5 vertebra and center IVD 
height on C-spine MRI 
The geometry of the vertebrae is assumed to remain constant during the course of 
the tests. The surface contours of the cervical vertebrae imaged by the dual ultrasound 
probes can be depicted as simplified 2D rigid-bodies, as shown as Figure 6.5. A global 
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Cartesian coordinate system is fixed relative to the mounted base of T1. The landmark 
coordinates of C4 and C5 vertebra are represented by the following 6 2D vectors: 𝑥 𝑡 , 𝑦 𝑡 	(the midpoint of C4 anterior vertebral margin), 𝑥 𝑡 , 𝑦 𝑡  (the 
midpoint of C5 anterior vertebral margin), 𝑥j 𝑡 , 𝑦j 𝑡  (the midpoint of C4 posterior 
vertebral margin), 𝑥j 𝑡 , 𝑦j 𝑡  (the midpoint of C5 posterior vertebral 
margin),	 𝑥U 𝑡 , 𝑦U 𝑡  (the point of C4 spinous process tip), 𝑥U 𝑡 , 𝑦U 𝑡  (the point 
of C5 spinous process tip). 
 
Figure 6.5 Material coordinates in the ultrasound image frames are translated into the 
global Cartesian coordinates. 
Since the anterior and posterior ultrasound imaging windows are co-planar, to 
analyze the flexion/extension/compressive components of motion, an assumption is 
made: there is no out-of-plane motion during the course of the tests. This assumption 
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reduces the degrees of freedom so that it is sufficient to use the coordinates of two points 
to fully determine the motion of vertebra. Combined with the geometrical information 
from MRI scans, the motion of C4 vertebra can be determined by tracking 𝑥 𝑡 , 𝑦 𝑡  and  𝑥U 𝑡 , 𝑦U 𝑡  in ultrasound image sequences. Similarly, the 
kinematics of C5 vertebra can be derived from 𝑥 𝑡 , 𝑦 𝑡  𝑥U 𝑡 , 𝑦U 𝑡 . 
The planar kinematics of a vertebra Cn can be represented by 3 parameters: the 
rotation angle 𝜃(𝑡), the translational movement components in the 𝑥 and 𝑦 direction: 𝑥 𝑡 , 𝑦(𝑡). These parameters can be solved by finding the optimal solution of the 
following minimization problem: 
min A ,d A , A 𝑥 𝑡 − 𝑥 0 cos 𝜃 𝑡 − 𝑦 0 sin 𝜃 𝑡 + 𝑥 𝑡 :
+ 𝑥j 𝑡 − 𝑥j 0 cos 𝜃 𝑡 − 𝑦j 0 sin 𝜃 𝑡 + 𝑥 𝑡 :
+ 𝑦 𝑡 − 𝑦 0 cos 𝜃 𝑡 + 𝑥 0 sin 𝜃 𝑡 + 𝑦 𝑡 :
+ 𝑦j 𝑡 − 𝑦j 0 cos 𝜃 𝑡 + 𝑥j 0 sin 𝜃 𝑡 + 𝑦 𝑡 : , 𝑛 = 4,5 
(6.1) 
which have following optimal solutions:  
𝜃(𝑡) = arctan 𝐴𝐵 	 (6.2) 
𝑥 𝑡 = 12 𝑥 𝑡 + 𝑥j 𝑡 − 𝑥 0 + 𝑥j 0 cos 𝜃 𝑡+ 𝑦 0 + 𝑦j 0 sin 𝜃 𝑡  
 
(6.3) 
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𝑦(𝑡) = 12 𝑦 𝑡 + 𝑦j 𝑡 − 𝑦 0 + 𝑦j 0 cos 𝜃 𝑡− 𝑥 0 + 𝑥j 0 sin 𝜃 𝑡  
(6.4) 
in which 𝐴 = 	 𝑥 0 − 𝑥j 0 𝑦(𝑡) − 𝑦j 𝑡− 𝑥 𝑡 − 𝑥j 𝑡 𝑦 0 − 𝑦j 0  
(6.5) 
𝐵 = 𝑥 0 − 𝑥j 0 𝑥 𝑡 − 𝑥j 𝑡+ 𝑦(𝑡) − 𝑦j 𝑡 𝑦 0 − 𝑦j 0  
(6.6) 
In the later discussion of biomechanics modeling, the engineering strain will be 
used to assess the deformation of FSU. Since the IVD height is measured along its center 
axis, we need to derive the coordinates of the virtual landmarks, (𝑥 𝑡 , 𝑦 𝑡 ) and (𝑥 𝑡 , 𝑦 𝑡 ), which represents the centroid of the vertebral bodies C4 and C5, as 
illustrated by the red dots in Figure 6.5. The Equations 6.1 – 6.4 can provide their 
coordinates over time: 𝑥 𝑡 = 𝑥 0 cos 𝜃 𝑡 − 𝑦 0 sin 𝜃 𝑡 + 𝑥(𝑡) (6.7) 𝑦 𝑡 = 𝑦 0 cos 𝜃 𝑡 + 𝑥 0 sin 𝜃 𝑡 + 𝑦(𝑡) (6.8) 𝑥 𝑡 = 𝑥 0 cos 𝜃 𝑡 − 𝑦 0 sin 𝜃 𝑡 + 𝑥(𝑡) (6.9) 𝑦 𝑡 = 𝑦 0 cos 𝜃 𝑡 + 𝑥 0 sin 𝜃 𝑡 + 𝑦(𝑡) (6.10) 
Therefore, we have the change of angles which relates to the flexion and 
extension of C-spine, and the deformation of FSU from ultrasound measurements, as 
below: 
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∆𝜃 = 𝜃 − 𝜃 (6.11) ∆𝐹𝑆𝑈 = 𝑥 𝑡 − 𝑥 𝑡 	 : + 𝑦 𝑡 − 𝑦 𝑡 	 : (6.12) 
Section Four: Experimental Design 
Subsection One: Specimens and Loading Protocol 
The trachea, esophagus, and skin were removed from 5 contiguous human 
cadaveric, fresh frozen, cervical spines, C2-T1, ages 54 - 63 years (Medcure, Portland, 
OR). The surrounding para-cervical muscles and adipose tissue were retained. MRI 
scanning of all specimens was performed to ensure that there are no pathological signs in 
the testing C-spine. The images were also used to measure approximate disc heights in 
the center, the disc cross-section area, the disc Pfirrmann Grading, as well as the 
locations of C4 and C5 anatomical landmarks as described above.  
In order to maintain the transmitted applied load in the axial direction and reduce 
the instability of the FSUs other than C4-C5, the spine fusion technique was used to join 
the vertebrae C2-C4 and C5-T1 respectively. Using a minimally invasive technique, 
uniaxial, 5 mm diam. titanium pedicle screws were placed into the vertebral bodies under 
fluoroscopic guidance. Steel rods were used to fix C2-C4 FSUs and C5-T1 FSUs, as 
shown in Figure 6.6. 
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Figure 6.6 Immobilizing the C2-C4 FSUs and C5-T1 FSUs to maintain the direction of 
loading in C4-C5 FSU. 
Prior to the testing, the C2 and T1 vertebrae of each spine were potted in 
polymethylmethacrylate (PMMA) to facilitate the fixation to the loading apparatus. The 
loading apparatus consists an MTS material testing system and a water tank filled with 
0.9% saline at 37℃ physiological conditions. After the contiguous C-spine was mounted 
on the anvil of MTS machine and acclimated in the saline bath for 1 hour, it was 
subjected to a 150N compressive creep test for a duration of 30 seconds. The axial 
displacement and applied load were measured by an LVDT reference transducer in the 
piston and the load cell in the bottom at a sampling rate of 1000Hz. Continuous, real-
time, synchronized B-mode ultrasound RF signals were captured at a sampling rate of 52 
Hz during load application using the dual US system. ROI corresponding to distinct 
vertebral landmarks was specified by the user on the initial B-mode US image and 
subsequently tracked automatically using the multi-frame tracking methods on the RF 
image data generated during dynamic loading. The schematic drawing of the system and 
measurement tools are shown in Figure 6.7.  
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Figure 6.7 Schematics Drawing of the testing platforms 
Subsection Two: Modeling the Viscoelasticity of the C4-C5 FSU 
	
Figure 6.8 Voigt Model of the FSU 
A two-parameter linear viscoelastic Voigt model is used to fit the deformation of 
C4-C5 FSU in response to the 150N compressive loading, since we observed that FSU 
strain recovered to zero when the strain is removed. The Voigt model describes the 
viscoelasticity of IVD by a purely elastic spring component and a purely viscous dashpot 
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component, as shown in Figure 6.8. The FSU Stress 𝜎(𝑡) and the FSU engineering strain 𝜖(𝑡) are governed by the constitutive equation: 
𝜎 𝑡 = 	𝐸𝜖 𝑡 + 𝜂(𝑑𝜖 𝑡𝑑𝑡 ) (6.13) 
where the 𝜎 𝑡  and 𝜖 𝑡  are the stress and strain of C4-C5 FSU, respectively, which are 
derived from the applied loading, measured deformation, the height and the area of the 
IVD. 𝐸 and 𝜂 are the elastic modulus of the spring component and damping coefficient of 
the dashpot component in the Voigt model. Since surrounding tissue was removed from 
the contiguous C-spine, the C-spine structure is approximated as serially connected FSU’s. 
Additionally, the motion of FSU’s other than C4-C5 was restricted by the steel rods. 
Therefore, this study assumes the IVD stress is uniaxial and can be estimated by the 
applied load divided by the cross-section area of the C4-C5 IVD. The engineering strain 
of IVD is defined by the deformation of IVD, as described by Equation 6.12 compared to 
the IVD height in the center. 
In the creep test, the compressive stress function can be considered as a step 
function 𝜎 𝑡 = 𝜎Y𝐻 𝑡 − 𝑡Y  that ramps up at 𝑡 = 𝑡Y, in which 𝐻 𝑡 = 0, 𝑡 < 01, 𝑡 ≥ 0 (6.14) 
The solution of strain response over time can be derived as below 
𝜖 𝑡 = 𝜎Y𝐸 𝐻(𝑡 − 𝑡Y)(1 − 𝑒\£(A\A¤)¥ ) (6.15) 
The model parameters can be obtained from the non-linear modeling in MATLAB by 
using the "fitnlm" function. 
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Section Five: Experimental Results 
Subsection One: Deformation of C4-C5 FSU compared to Deformation of C-spine 
Displacements are compared for the tracking result of C4 vertebra, C5 vertebra 
and the displacement of LVDT transducer in the piston. Figure 6.9 representatively 
shows that the applied displacements were distributed through the cervical levels, 
although C2-C4 FSUs and C5-T1 FSUs are fused by the pedicle screws and steel rods 
systems. Theoretically, the displacement of C4 should account 100% of the displacement 
recorded by the LVDT sensor and the displacement of C5 should account 0%. However, 
due to imperfect bone-screw fixation and PMMA-bone fixation, the percentage varied 
between specimens, from 23% to 75% for C4 and from 11% to 40% for C5 over all 
testing specimens. Consequently, the difference of the C4 and C5 vertebral displacements 
was used. 
 
Figure 6.9 The resultant displacements of C4 and C5 in response to applied loading of a 
specimen 
		
75 
Subsection Two: Range of Rotation 
	
Figure 6.10 Rotation of C4, C5 vertebra plotted as a function of time for all specimens 
Rotation of C4 and C5 vertebrae measured by Equation 6.2 are compared in 
Figure 6.10, which shows the resultant rotation of axial applied loading among all trials. 
The results show that the maximum vertebra rotation is less than 0.5 degrees, which 
validated the assumption that the direction of applied compressive force to C4-C5 FSU is 
unchanged during the entire loading process.  Among all trials, the range of rotation of 
C4 is less than that of C5, indicating has a better fixing performance at the C2-C4 FSUs 
fusion than C5-T1 FSUs fusion. 
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Subsection Three: Correlation of the Biomechanics Properties and Pfirrmann Grading 
	
Figure 6.11 Stress-Strain curve over the creep test of specimen # 
Figure 6.11 illustrates a representative curve of the strain over time when the 
compressive stress is being applied. The elastic modulus and damping coefficients 
evaluated from the Voigt model are tabulated with other measurements, including IVD 
heights, disc cross-section area, age, weights and Pfirrmann Grading in Table 6.1. The 
Pfirrmann grading system was used score the IVD integrity from MRI images in a range 
of 1 to 5. Grade 1 refers to a healthy hydrated disc that shows homogeneous brightness in 
MRI T2 images while an unhealthy collapsed, dark IVD in MRI image is graded 5. The 
specimens’ Pfirrmann grades, ranging from 2 to 4, are correlated with the model 
parameters. The elastic modulus has a strong correlation with the Pfirrmann grading, with 
a Pearson coefficient of 0.93. The damping coefficient and Pfirrmann grading do not 
show correlation, with a Pearson coefficient of -0.10. The MRI images of the C4-C5 
FSUs are shown Figure 6.12, with the corresponding elastic modulus. 
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# IVD 
Height 
/mm 
Disc 
Area 
/mm2 
Age 
/yrs 
Pfirrmann 
Grading 
Elastic 
Modulus (E) 
/MPa 
Damping 
Coeff. (h) 
/MPa·s 
1 8.46 408 58 2 10.3±0.4 2.9±0.2 
2 6.49 447 58 3 38.7±8.0 4.5±1.6 
3 5.45 209 57 3 47.7±3.6 0.9±0.1 
4 9.81 355 54 3 62.2±6.5 0.5±0.1 
5 5.40 211 63 4 76.0±4.5 2.4±0.2 
Table 6.1 Details of the Cadaveric Specimens and the Elastic Modulus and Damping from 
Voigt Model 
 
Figure 6.12 MRI images and the elastic moduli of the C4-C5 FSU on 3 specimens 
Section Six: Discussion and Conclusion 
Although the advancement of marker-based optical systems allows resolution up 
to 0.01mm[166], most commercialized optical tracking systems’ resolution is above 
0.2mm, which is not sufficient to capture the small changes in disc deformation. The 
need for marker registration on an image adds additional errors to the kinematics 
reconstruction. In this chapter, the capability of a dual ultrasound system of measuring C-
spine planar kinematics is demonstrated, which will further allow marker-free, non-
invasive measurement on human subjects in-vivo. 
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As this was conducted as a feasibility study, the number of samples analyzed was 
low and our preliminary findings must be viewed with some caution. Analysis of 
additional samples will allow us to validate the preliminary results. But the overall 
correlation between elastic modulus and IVD hydration is consistent with the observation 
that the health and integrity of the IVD affect the mechanical performance of the FSU. 
Compared to the Pfirrmann grading system, the biomechanics can provide a physical, 
quantitative, objective evaluation of the FSU. In clinics, the dual US system may provide 
a cost-effective clinical tool to evaluate the integrity and performance of the IVD by 
applying low amplitude traction and compressive loads to the head and neck. 	  
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CHAPTER SEVEN: METHODOLOGIES TO MEASURE IN-VIVO 
DEFORMATION OF FSU WITH DUAL ULTRASOUND 
Section One: Introduction 
In clinical examination, the imaging quality of ultrasound depends on the practical 
experiences of sonographers, because the transducer provides a relatively small field of 
view compared to X-ray, CT, and MRI. For this reason, the transducers commercially 
available on market are designed in shapes for better hand holding or finger gripping for 
sonographers, usually in a long and streamlined shape. This poses a challenge to enable 
real-time monitoring of the cervical FSU: due to the large size of the case, the ultrasound 
transducers are difficult to be stabilized around the neck. A rigid collar was used to 
mount a single ultrasound transducer for C-spine imaging in our group[167]. However, 
the collar had to be customized for each individual and the neck motion was greatly 
restricted. 
The second challenge to apply ultrasound imaging system on human subjects is 
the relative positioning of anterior and posterior ultrasound transducers on subjects. 
Previous chapters have discussed how to correlate anterior and posterior ultrasound 
dynamic images of a cadaveric cervical spine and derive the planar kinematics. This 
setup of the dual transducers, however, is infeasible on human subjects, because the 
airway and esophagus anterior to the cervical vertebrae cannot conduct acoustic waves of 
ultrasound. Additionally, as studied in the neck anatomy section in Chapter 1, the C3-C5 
cervical vertebrae has small spinous processes which are hard to be imaged on human 
subjects. Any instability on the transducer positioning would miss the imaging target if 
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the posterior imaging window is oriented to the spinous process. Therefore, to obtain 
high-quality ultrasound images of vertebrae, the imaging trajectory angle of the 
ultrasound transducers has to deviate from the mid-sagittal plane, as shown in Figure 7.1. 
	
Figure 7.1 Change of transducer positions from cadaveric imaging to human subjects 
imaging. The transducers are steered to image anterior vertebral body and lamina of a 
vertebra. The in-vivo anterior angle is chosen because the imaging trajectory need to avoid 
esophagus. The in-vivo posterior angle is chosen because imaging spinous processes is hard 
to target when the human body is moving. 
The third challenge of applying ultrasound imaging on human subjects is the 
increased transducer-vertebrae distance. As discussed in Chapter 5, the increase of tissue 
thickness will increase the error of displacement tracking in the multi-frame method. 
Furthermore, the distance between the transducers and cervical vertebra on the neck is 
not constant when the subject is performing neck activities. Since the ultrasound signal is 
focus-dependent, a change of the distance will affect the signal pattern. To apply the 
multi-frame tracking correctly, it is critical to design an algorithm which preprocesses the 
ultrasound images and finds the spatially correlated frames – the frames when the 
vertebra is in similar positions and depths in the image. 
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To address all these difficulties, the goal of this chapter is to propose an 
ultrasound system to provide correct spatially oriented kinematic measurements of 
dynamic C-spine motion by combining dynamic 2D ultrasound image profiles of the 
vertebrae with a 3D model of the C-spine derived from in-vivo MRI of the neck and C-
spine. In this method, we developed a flexible collar to orient ultrasound transducers to 
image the C-spine in desired angles; the 3D structural information from MRI is used to 
position the 2D view in the complex 3D vertebral anatomy; the spatially correlated 
frames are established by applying a high-speed kernelized correlation filter (KCF) [168]. 
Section Two: Methods 
Subsection One: Overview of Methods 
	
Figure 7.2 Overview of the Algorithms 
Our approach incorporates the following steps identified in Figure 7.2: Step 1 – 
develop a 3D model for specific vertebra by applying an affine transformation to match a 
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generic model from CT scan and scale it to a specific human subject’s vertebra anatomy 
imaged by MRI. This generated the 3D spatial surfaces corresponding to the patient 
specific vertebral anatomy. Step 2 - a bone surface segmentation algorithm was applied to 
extract bony profiles from ultrasound images of the vertebra. Step 3 - ultrasound bone 
profiles were co-registered to the individualized 3D vertebral model. Real time vertebral 
motion can be derived from dynamic ultrasound images projected onto the 3D MRI based 
vertebral model. Step 4 – The displacements of anterior vertebral bodies and posterior 
laminae are tracked in the ultrasound images by the multi-frame tracking algorithm 
assisted by KCF. Step 5 – The displacements in the local coordinate of the ultrasound 
images are converted to the global coordinates in MRI images. 
Subsection Two: Individualized MRI Cervical Spine Model 
 
Figure 7.3 Generic Vertebrae model were scaled and fit to the 3D MRI scan of a human 
subject. 
Cervical spine MRI images were obtained from human subjects (IRB approved), 
the voxel size is 0.4492mm x 0.4492mm x 0.8mm. Since bone segmentation is difficult 
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using MRI based images owing to the low image contrast of bone relative to the soft 
tissues, generic vertebral models obtained from CT scans of human vertebrae (Figure 7.3 
left) containing more than 100,000 triangular facets were transformed to emulate the 
exact bony surfaces corresponding to patient-specific MRI scans using anatomic 
landmark registration (Figure 7.3 right). Fourteen anatomic landmarks were the selected 
by the user on the C4, C5, C6 vertebra of the generic model and 3D MRI scan of the 
human subject (Figure 7.4). These landmarks are chosen because their locations can be 
easily identified in the MR Image. The locations of each landmark in MRI were 
measured on the sagittal, coronal, transverse image independently and averaged in Osiri-
X Lite (Pixmeo SARL, Bernex, Switzerland). 
 
Figure 7.4 Landmarks are manually selected in MRI scan of human subjects 
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To correlate the generic model to the MRI scan and create an individualized 3D 
model, the affine transformation is applied to map the 14 landmarks’ locations in the 
original model P§¨©ª« and their locations in MRI P¬­®. The centroid of the point sets, 
computed by the mean of the coordinates, are expressed as 𝑃¯°±² and 𝑃³´µ. An affine 
transformation A is used to map the point sets in their coordinates after the centroids are 
subtracted as below: 𝑃³´µ − 𝑃³´µ = 𝐴(𝑃¯°±² − 𝑃¯°±²) (7.1) 
where 3-by-3 matrix 𝐴 can be solved by the least square matrix inverse operation on (𝑃¯°±² − 𝑃¯°±²)/(𝑃³´µ − 𝑃³´µ).  
Subsection Three: Bone Surface Extraction by Ultrasound 
Bone surface recognition is complicated by the ultrasound spatial impulse 
response[169]. The pulse response function creates a spatially variant depiction of the 
actual 3D bone surface. Haines[95] proposed a model to simulate the response of planar 
surfaces and a method to manage non-analytical surfaces. The reflection response of 
complex 3D vertebral surface anatomy illuminated by a 3D focused ultrasound beam can 
be modeled if the PSF of a flat planar surface is given. The model was revised into the 
form expressed as below 
𝜙 𝑡 = 𝜙Y 𝑡 ∗ 𝒩 𝑧, 𝜎|𝑡 ∗ 𝐹 𝐴′ 𝑧 |𝑡º,»′ dzdA′ (7.2) 𝜙Y 𝑡  and 𝜙 𝑡  are the impulse response of the perpendicular surface and the actual 
response of the surface, respectively. 𝑁(𝑧, 𝜎|𝑡) is the roughness response of a planar 
surface. It is a Gaussian window located at depth z, with standard deviation depending on 
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surface roughness. F A′ 𝑧 𝑡  is smooth surface response as a function of the projected 
surface area A'. A simplified example (Figure 7.5) illustrates a cylindrically–shaped 
ultrasound beam incident on a 3D surface approximated by triangulation. 
 
Figure 7.5 A cylindrical ultrasound beam incident on a 3D surface, and the approximation 
of its surface response. 
Since the impulse response is dependent on material properties, and the surface 
roughness is unknown, simulating the bone response using the surface model is difficult. 
Therefore, a mixture of Gaussian models was proposed to analyze the envelope of 
ultrasound RF pulse-echo data and extract the key surface reflections. When the incident 
beam is vertical to the surface (0º in Figure 7.6), we can extract one surface response in 
which the mean of the Gaussian distribution represents the location of the perpendicular 
plane in the axial direction 𝜙Y(𝑡). When the surface structure is complicated, a mixture of 
surface reflections introduces different signal delays and amplitudes (45º and non-
analytical case in Figure 7.6), so that the temporal extent of the reflection signal response 
is altered and lengthened. Several Gaussian models were used to find the location of key 
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components in the responses, and the mean of each distribution was considered as a 
surface reflection at that location in ultrasound RF pulse-echo response. 
	
Figure 7.6 RF responses of different surfaces on a plastic vertebrae model. The left graph 
demonstrates the surface response on a flat surface. The right graph demonstrates the 
surface response of a curved surface inclined ~45 degrees. 
Subsection Four: Co-Registration of Bone Surface in Ultrasound and 3D Vertebra Model 
To spatially align the MRI C-spine model with bone surface points detected by 
ultrasound, the Iterative Closest Point (ICP) algorithm[170] was modified and applied to 
solve the 2D-3D co-registration problem.  
ICP is commonly used to register two 3D point clouds 𝑃Y and 𝑄Y, which contains 
N by 3 coordinate data points, by following steps below recursively:  
a. Computing the optimal point-to-point mapping in the kth iteration by minimizing 
the distance function below 
𝑌À = 	𝑎𝑟𝑔𝑚𝑖𝑛ÆÇ 	 𝑄Y(𝑖) − 𝑃À(𝑌À(𝑖) :C 	 (7.3) 
b. Compute the registration, which is described by a rotational matrix RÈ and 
translation vector TÈ using the method 𝒬 in [170] 
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RÈ, 𝑇Ê = 𝒬(𝑃Y, 𝑌À) (7.6) 
c. Apply the registration: PÈË@ = 𝑅À𝑃Y + 𝑇Ê (7.7) 
d. Terminate the iteration if desired precision, for example: Root Mean Square Error 
(RMSE) less than 0.3mm, is achieved or the number of iteration is larger than 
preset. The last RÈ and TÈ are the rotation matrix and translation vector of the 
point sets registration. 
Firstly, since the ultrasound provides only a 2D image of the vertebra and 2D 
coordinates of the vertebra surfaces, we need to add the 3rd coordinate to the 2D 
coordinates by assuming the 2D profile is on an arbitrary plane in the 3D volume, e.g. the 
sagittal plane z = 0. For the 2D-3D registration problem, it is difficult to perform the ICP 
registration algorithm directly on the ill-posed 2D-3D registration problem - the number 
of poses of a 2D curve on a 3D object can be infinite. However, as described in the last 
section, the signal intensity of ultrasound echo is proportional to the projected surface 
area, which can be used as an additional constraint equation for the point mapping 
correlation searching process.  
Therefore, we modified the distance function to account for the projected area of 
planar surfaces on the model. As shown in Equation 7.3, the algorithm searches for a 
mapping YÈ that minimizes the sum of squared distances 𝑄Y(𝑖) − 𝑃À(𝑌À 𝑖 ), and this 
process is repeated iteratively until the sum of distances of point mapping converges to its 
minimum. The point mapping function is modified as below, with a regularization term:  
𝑌À = 	𝑎𝑟𝑔𝑚𝑖𝑛ÆÇ 	 𝑄Y(𝑖) − 𝑃À(𝑌À(𝑖) : − 𝜆 𝐴 ⋅ 𝑛ÏC  (7.8) 
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The projected surface area 𝐴 ⋅ 𝑛ÏÐ is based on the location and orientation of transducer, 
and computed by the dot product of surface and unit vector of the beam orientation with a 
positive impact factor 𝜆. The value of 𝜆 depends on the 3D model resolution and physical 
units of the points clouds and the area; the value is empirically set to 0.2 in the current 
implementation. To minimize effect of local extremes, this modified ICP was applied 
10,000 times to find the optimal mapping with different random initiation points. 
 
Figure 7.7 Bone profiles (red) extracted from ultrasound image are registered to 3D 
vertebra model. They are compared to the ground truth data (blue) which are measured by 
displacement and rotation calculation. 
To validate the co-registration algorithm, the generic model of C4 vertebra was 
printed and mounted to an alignment coupler device, as described in Chapter 4.2. The 
design of alignment coupler allows measurement the relative positions (rotation, 
translation) between the ultrasound transducer and the model. Each of the 18 slots is 
marked by the angles which increment from 5° to 175°. The slits have a wide opening but 
a narrow bottom, and the ultrasound can only see the bottom of the slit when it is 
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correctly oriented. The bone surface was imaged with ultrasound at 18 different angles 
and compared to the actual anatomic surface data. Figure 7.7 shows the experimental 
results of co-registering ultrasound bone profiles on the plastic vertebra model. The 
RMSE of registration is 0.624 mm. Vertebra surfaces in the anterior and posterior regions 
(anterior vertebral bodies, facet, and lamina) have a higher contrast in ultrasound due to 
their smooth surface geometry; therefore, they provided better bone matching results with 
more surface points identified. 
Subsection Five: In-vivo Vertebra Displacement Estimation in Dynamic Ultrasound 
	
Figure 7.8 Neck-seal collar holding US probes to neck at fixed positions 	
To solve the problem of mounting transducers, a flexible collar is developed in a 
neck-seal style as shown in Figure 7.8. The neoprene fabric collar envelopes the neck and 
has two openings for the insertion of ultrasound probes to image vertebral bodies 
anteriorly and the laminar posteriorly. The inner side of the openings is 3D printed and 
designed to fasten the head of the ultrasound transducer on the skin. An adhesive gel 
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(Tensive Conductive Adhesive Gel, Parker Labs) is used to couple the ultrasound 
transducer to the skin. On the outer surface of the collar, heavy-duty Velcro fabric strap is 
used to provide mating sites for elastic bands. The distal end of the ultrasound probe is 
also fastened a 3D printed clamp, which provides mounting holes for the attachment of 
elastic bands. Two elastic bands connect the clamp to the outer surface of the collar and 
counter the weight of the transducer. The flexibility of neoprene allows the subject to 
perform jumping, flexion/extension with the ultrasound transducers. With this approach, 
dynamic ultrasound of the anterior vertebral body and posterior laminar can be obtained 
robustly over time. 
To measure the displacements of vertebrae as time series of ultrasound imaging 
signals, the multi-frame method is applied. However, due to the large variance of 
vertebrae appearances, the spatial correlating frames need to be determined prior to the 
multi-frame tracking. Therefore, the tracking process starts with coarse tracking which 
utilizes KCF to provide initial estimates of the vertebra positions in the image, and the 
positions are used to find the spatially correlated frames for fine displacement estimation 
with the multi-frame tracking algorithm.  
In the implementation of applying KCF for vertebrae tracking, the envelopes of 
ultrasound RF signal are used and down-sampled. The resolution of the new samples is 
0.2mm´0.2 mm. The region of the vertebra is outlined in the first frame of the data 
sequence by the researcher, which has a minimum samples size of 28´28. Because KCF 
is used for coarse tracking of the vertebra locations, parameters including interpolation 
factor and padding, are set to 0.001 and 2.0 to increase the robustness.  
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Subsection Six: In-vivo Rotation and Deformation FSU from Dual Ultrasound 
Previous sections have discussed how to obtain the imaging trajectory of anterior 
and posterior imaging windows and the movement of vertebrae can be measured by 
tracking. The goal is to measure the relative rotation angles and FSU deformation under 
the assumption that the all kinematic motion involved is in the sagittal plane. To achieve 
this goal, we will convert the measurement of current oriented windows to measurements 
on the sagittal planes, and used the conclusion that has been derived in Chapter 6.3.  
For one functional spinal unit C4-C5, it is assumed that the displacement of C4 𝑥∗ 𝑡 , 𝑦∗ 𝑡  and C5 vertebra 𝑥∗ 𝑡 , 𝑦∗ 𝑡  are measured in a dynamic time series 
of data frames and the co-registration method finds the trajectory mapping RÈ, 𝑇À 	between 2D ultrasound frames and the 3D vertebra model. It is also assumed 
that the arbitrary plane in 3D volume which hosts the 2D profiles is in sagittal plane z =0 in the initial step of co-registration. We can obtain the displacements of the 
corresponding profiles 𝑥∗′ 𝑡 , 𝑦∗′ 𝑡 , 𝑧∗′ 𝑡   and 𝑥∗′ 𝑡 , 𝑦∗′ 𝑡 , 𝑧∗′ 𝑡   
on the vertebra from the ultrasound measurements by applying the registration results as 
below: 
𝑥∗′ 𝑡 , 𝑦∗′ 𝑡 , 𝑧∗′ 𝑡 [ = 𝑅À 𝑥∗ 𝑡 , 𝑦∗ 𝑡 , 0 S + 𝑇À (7.9) 
𝑥∗′ 𝑡 , 𝑦∗′ 𝑡 , 𝑧∗′ 𝑡 [ = 𝑅À 𝑥∗ 𝑡 , 𝑦∗ 𝑡 , 0 S + 𝑇À (7.10) 
Because the landmark coordinates for the midpoint of anterior vertebral body and 
the centroids coordinates of the corresponding profile are both known in the 3D vertebra 
model, t∗  and t∗  is denoted as the vector distance between these two landmarks in 
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vertebrae C4 and C5. We can obtain the coordinates of the midpoints of anterior vertebral 
body of C4 and C5:  𝑥 𝑡 , 𝑦 𝑡 , 𝑧 𝑡 [ = 𝑅À 𝑥∗ 𝑡 , 𝑦∗ 𝑡 , 0 S + 𝑇À + 𝑡 (7.9) 𝑥 𝑡 , 𝑦 𝑡 , 𝑧 𝑡 [ = 𝑅À 𝑥∗ 𝑡 , 𝑦∗ 𝑡 , 0 S + 𝑇À + 𝑡 (7.10) 
Similarly, we can obtain the landmarks of C4 and C5 spinous process. By applying (6.11) 
and (6.12), we can solve for the rotation angle and IVD deformation in-vivo. 
Section Three: Experiments and Results 
After IRB approval, a static MRI 3D scan of a human cervical spine was used to 
rescale the cervical spine model. Two human volunteers (1 male, 1 female) were 
recruited to perform repetitive jump test on/off a 0.8 ft. step with a 4.5 lbs. helmet for 4 
minutes. The jumping was repeated for 3 times for each subject. Two ultrasound probes 
were maintained in set positions relative to the cervical spine using a neoprene cervical 
collar.  Ultrasound images of vertebrae profile were registered on the model to find 
imaging trajectories after the transducers were mounted around the neck. The C4-C5 and 
C5-C6 FSUs deformation were measured in anterior and posterior windows of ultrasound 
imaging using the multi-frame and KCF tracking method.	The translational and rotational 
kinematics on the sagittal plane was derived by merging the anterior and posterior FSU 
deformation measurements. 
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Figure 7.9 Merging the local dynamic images from anterior and posterior ultrasound 
transducers to derive kinematics of a male FSU in the mid sagittal plane. The "x/y 
direction" in local refers to the lateral/axial direction in the ultrasound image. The "x/y 
direction in global" refers to the superior-inferior / anterior-posterior direction in the 
anatomy plane. The positive and negative direction of rotation refer to extension and flexion 
of FSU. The triangles show the moments when the subject landed on ground. 
Figure 7.9 shows the merged measurements of FSU deformation and rotation 
angles which were derived from sequential ultrasound images with tracked vertebrae 
positions over 20 seconds. When the subject jumped off the step and landed on the 
ground, the impact was transmitted through the spine to the head and neck. In response, 
		
94 
the FSUs are compressed, which are recorded in the lateral (x) direction in anterior and 
posterior imaging window, with concurrent shear displacements, which are mainly 
measured in the axial direction of anterior and posterior windows. The merged 
measurements derived from anterior and posterior imaging window and co-registration 
portrayed the FSU deformation in the superior-inferior and anterior-posterior axes, as 
well as the FSU rotation which represents flexion and extension in the midsagittal plane. 
During the landing, a large compressive pulse is seen in the superior-inferior direction, 
which refers to FSU compression. Meanwhile, the vertebrae in FSU move relatively to 
each other in a zig-zag pattern, which refers to a shear motion of FSU. The FSU flexes 
and changes the curvature of the C-spine to dampen the load. In between the landing, the 
subjects need to move back on the step, and the rotation when the subject looks down and 
steps back is also shown in the same plot. 
 Male Female 
 C4-C5 C5-C6 C4-C5 C5-C6 
IVD Height (mm) 4.86 5.196 3.95 3.72 
FSU Compression (mm) 1.3±0.5 1.8±0.2 1.0±0.2 1.8±0.3 
FSU Shear Motion (mm) 1.1±0.6 1.3±0.5 2.0±0.5 1.7±0.2 
FSU Extension (degree) 10.7±5.2 16.5±6.7 20.8±8.1 34.7±6.1 
FSU flexion (degree) -20.2±6.3 -30.6±7.8 -23.1±12.8 -17.6±5.1 
Table 7.1 The maximum compressive, shear motion and rotation measured in the jumps 
The subjects performed 35-40 jumps in the 4 minutes. The maximum 
compression, the amplitude of shear motion, and the rotation are measured at the moment 
when these values approach their peaks at each landing. The results showed the IVD 
compression and shear strains are similar in amplitudes between the two subjects, and the 
range of rotation of FSU are consistent with other reports in terms of the contribution of 
C4-C5 and C5-C6 FSU in neck rotation[171]. It should also be noted our data indicates 
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that the FSU rotates swiftly up to 30 degrees in response to the impulse during the 
landing moment. The sharp oscillatory pattern implies a large rotation may be inhibited 
by the intervertebral joints, instead of being dampened by the intervertebral disc and 
ligaments.  
Section Four: Discussion and Conclusion 
This chapter presented a co-registration method to solve the problem of merging 
MRI and ultrasound imaging to determine the in-vivo kinematics of the C-spine during 
simulated work activities. Since the vertebra is a rigid body, its kinematic motion can be 
theoretically reconstructed from 5 points on calibrated views. Due to the limited field of 
view and the nature of 2D ultrasound imaging, only a limited number of points from the 
vertebra on a 2D plane can be extracted from a single ultrasound image. Therefore, a 
priori information about the anatomic structure of the vertebra, i.e. a generic 3D model, is 
required to facilitate co-registration of the ultrasound 2D image and the 3D MRI derived 
model to calculate the relative vertebral motion. 
2D-3D registration is an ill-posed problem because there usually exists more than 
one possible solution to map 2D curves on a 3D surface. We introduced the projected 
surface area as an additional parameter to confine the scope of possible mapping, based 
on the assumption that the ultrasound signal intensity is dependent on the surface 
projection area in the acoustic beam. For validation, we applied this method to co-register 
a plastic vertebra model with known anatomic data. Nonetheless, other feature extraction 
methods of ultrasound can also be applied. In our validation, we demonstrated that 
smooth surfaces gave better results than surfaces with a complicated structure. These 
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findings suggested that certain anatomical landmarks, e.g. vertebral bodies and lamina 
can be selected for better matching and co-registration of C-spine ultrasound imaging 
with 3D MRI.  
We developed a method to reconstruct the kinematics of the FSU in the sagittal 
plane. By using dual ultrasound transducers that measure the same rigid body in a 
synchronized manner, the translation and rotation can be derived. Compared to using the 
single ultrasound, which measures the FSU deformation in one anterior window, the dual 
ultrasound provides an additional rotational measurement. Using this information, which 
was obtained in-vivo by a portable system, may lead to a better understanding of C-spine 
injury in dynamic environments and workplaces in future studies.  	  
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CHAPTER EIGHT: IN-VIVO ULTRASOUND IMAGING OF C-SPINE AND THE 
EFFECTS OF HELMET WEIGHTS AND MUSCLE ACTIVATION 
Section One: Intention of Repetitive Jumps Study 
From military reports[172], the weight of helmets approximately ranges from 3.3 
to 6.5 pounds, which is further affected by the addition of headgears, e.g. night vision 
goggles. For personnel in extreme environments, e.g. aviators, the effect of helmet weight 
on the head rotation/acceleration, neck compression/shear motion is much amplified, 
which leads to neck injuries[173]. Therefore, the intention of increased protection and the 
capability of solider with the more advanced helmet may be compromised by increasing 
risk of neck injury and loss of experienced warriors in long term. Ultrasound is widely 
used as an imaging modality to measure the dynamic motion in liver, cardiac and 
obstetric care. Previous chapters have shown the development of methodologies of 
ultrasound to measure dynamic deformation of an FSU ex-vivo and in-vivo. The ability of 
ultrasound to measure the dynamic motion of the cervical spine of human subjects 
performing jumps with a helmet is of interest in this following series of experiments. The 
goal is to apply methods developed in previous chapters to understand the response of C-
spine system in dynamic environments and also provide quantitative data of C-spine 
motion within these activities.  
Section Two: Experimental Methods 
Subsection One: Testing Protocols 
After approval from the Beth Israel Deaconess Medical Center Institutional 
Review Board, 10 adult subjects (age range 21-45 years, 8 males and 2 females) gave 
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written consent to participate in this study.  Sagittal T2-weighted images of the cervical 
spine using a 3-Tesla MRI were obtained for each subject. B-mode clinical US was used 
to measure the height of C4-C5 and C5-C6 IVDs by placing the US probe along the 
anterior triangle of the neck, bounded infero-laterally by the clavicular head of the 
sternocleidomastoid muscle, supero-laterally by the omohyoid and strap muscles and 
medially by the lateral border of the trachea, with the neck-seal collar described in 
Chapter 7. The trajectory of ultrasound probe was aimed towards the anterior margins of 
cervical FSUs C4 to C5 IVD height for C4-C5 disk were measured from both MRI and 
ultrasound images using ImageJ software (Wayne Rasband, National Institute of Mental 
Health). Ultrasound images visualize only the anterior profile of the IVD, while MRI 
demonstrates the entire disk, which is non-uniform in height extending from the anterior 
to posterior margin of the vertebral body. 
	
Figure 8.1 Human volunteer performing repetitive jumping with a geared helmet 
To simulate activities such as running/jumping while troops or laborers don 
protective headgear, subjects wore a helmet and repetitively jumped on and off a 0.8-feet 
step for 4 minutes (Figure 8.1 while looking forward and landing on both feet. The jump 
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test was repeated 3 times (with 8-minute rest between trials) using an unweighted helmet 
(4.0 lbs.) and then repeated 3 times using a weighted helmet (6.5 lbs.) to simulate the 
effect of additional gear such as a flashlight, a communication unit, or a night vision 
goggle. The added weight was set along the mid-sagittal axis of the neck to increment the 
superior-inferior impact of the helmet on the head/neck during landing. The helmet 
weights (4.0 lbs. – 6.5 lbs.) are chosen based on the typical range of army helmets 
weights.  
Subsection Two: Jumping Gaited by the Landing 
	
Figure 8.2 Measurements made on a subject when (s)he is performing repetitive jumping 
In the experiments, 5 measurements were made on the human subjects as shown 
in Figure 8.2: firstly, to track the head-torso displacements, 4 reflective optical markers 
were placed on the set positions of the helmets and 3 reflective markers were placed on 
the two proximal ends of clavicle bone and the T1 spinous process. The positions of these 
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markers were tracked by motion capture systems in the gait lab. Secondly, a miniature 
load cell was placed between the helmet and the additional weight to measure the impact 
of the weight. The head-torso displacements and helmet load cells are used to monitor if 
there is any abnormality in the system after the subject completed a jump trial. During the 
jumping, the impact at landing was measured using a force plate. The landing moments 
were marked by the time when the force plate measurement reached its maximum 
(vertical dash lines in Figure 8.2). The axial and inertial loads applied to the C-spine 
during the jump test were studied by continuous US imaging of the anterior elements 
comprising contiguous FSU C4-C5. The activities of para-cervical muscles during the 
jump test was measured by Trigno s-EMG system with four-bar surface electrodes 
(Delsys Inc., Boston, MA). Palpation was made on the human subjects when they were 
shrugging their shoulders by two bilaterally placed s-EMG electrodes on the upper 
trapezius. The skin was prepared for electrode placement by cleaning with 70% alcohol 
pads and/or shaving if needed. 
In the jump tests, we are focused on the response of FSU to different applied 
loading and muscle fatigue. Due to the endurance differences between individuals in the 
4-minute trials, subjects performed 25-59 jumps. To normalize the effect of the number 
of jumps, 10 progress groups, which are marked in percentage (10%-100%) is used to 
show the elapsed number of jumps finished. The compressive response of C4-C5 and the 
EMG signals are averaged among the jumps in the same progress group. Furthermore, 
each subject performed 3 repetitive jump trials with or without the 2.5 lbs. weight on the 
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helmet; the performance of C4-C5 FSU deformation from Ultrasound and EMG were 
averaged between the 3 trials. 
Subsection Three: Analysis of Surface EMG and Fatigue of Upper Trapezius Muscles 
The EMG data recorded at a sample rate of 1000 Hz during the jumping test were 
filtered by a hardware low-pass filter with cutoff frequency of 400 Hz. As shown in 
Figure 8.3, para-cervical muscles are innervated to dampen the shock to the head through 
the spine at the moment of landing, which was gaited by a grounded load force plate. 
Between the intense muscle contraction, the neck is either in a static or a tranquil state or 
has a slight movement when the subjects step back onto the jumping platform.  
	
Figure 8.3 EMG signals over 10 seconds in which 2 jumps were made. The muscles are 
innervated when the subject is landing, as well as when the subject moves his/her body back 
on the platform between the jumps 
Figure 8.4 representatively shows that the pattern of EMG signals may be affected 
by the length of performing activities, which is the possible outcome of muscle fatigue. 
As reviewed by the literature [174], [175], muscle fatigue leads to an increase in the 
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overall mean of the EMG signal amplitudes, as well as an overall shift to the lower 
frequencies. Because of the short duration of muscle contraction during landing, the 
frequency pattern of EMG signals is dominated by the high-frequency, rapid-changed 
component in a short time. Therefore, a frequency-based analysis, e.g. the median 
frequency analysis, is not appropriate. This study quantitates the increasing amplitude of 
EMG action potentials by using an EMG signal power method. This method integrates 
the power in EMG spectrum from 1Hz to 400Hz, and used it as an indicator of the overall 
amplitude change and degree of muscle fatigue. 
	
Figure 8.4 EMG signals amplitudes are dependent on the number of jumping performed, 
implying possible muscle fatigue. 
To characterize the muscle fatigue over time, an EMG signal power method was 
modified from the root-mean-square(RMS) EMG envelope analysis and applied in this 
study to account for the time-varied background noise. Traditionally, the RMS envelope 
extracts the square root of the EMG signals power over a duration of static tests and 
determines the envelope of the signals. However, due to the dramatic change of signals in 
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the jumping tests, a common envelope extraction method, such as the Hilbert transform, 
is subject to the large signal oscillations. Therefore, the mean of EMG signal power is 
used without the RMS and envelope extraction in the current study. A 128-sample 
window of the EMG signals is chosen to be centered at the time when the measurements 
of grounded force plate reached their peak. The mean of landing EMG signal power is 
computed based on integrating the discrete spectral power density,	𝑝(𝑓), in which 𝑓 is the 
signal frequency and we are interested in the range from 1 Hz to 400 Hz: 
𝑆² = 𝑝 𝑓YYÑ]@ 	 (8.1) 
To exclude the time-varied background noise and the muscle action potential 
when the neck has no movement, 4 consecutive 128-sample windows were chosen when 
the subjects are in standby state. The mean of background EMG signal power is 
computed and averaged over the 4 windows: 
𝑆ÒÓ = 14 𝑝> 𝑓YYÑ]@>] 	 (8.2) 
The length of windows is chosen based on the width of landing peaks and for 
better performance of the Fourier transform. The difference in the mean power between 
the landing and background mean EMG signals are considered as the additional muscle 
activation when the landing is made. The signals are further converted to decibels and 
then normalized to the start of the jumping of every test, under the assumption that the 
subjects’ muscle fatigue level is the same in the beginning of each test. 
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Section Three: Experimental Results 
Subsection One: C4-C5 FSU Deformation In-vivo 
Ultrasound measurements of the C4-C5 FSU deformation were calculated at the 
maximum compressive impulse amplitude for each jump and averaged over the same 
progress mark among the 3 trials during the course of the 4-minute jump test. The initial 
IVD height measured from the MRI scan of each subject was used to calculate the 
compressive strain. As shown in Figure 8.5, the additional 2.5 lbs. weight on helmet 
weight significantly increased (p<0.05) the IVD compressive strain from 22.3% to 43.6% 
during the course of the jump test at all time. 
	
Figure 8.5 C4-C5 FSU strain of all human subjects compared between wearing a helmet 
without additional gear weight (4.0 lbs.) and a helmet with additional gear weight (6.5 lbs.). 
The error bar is the standard error of strain between subjects. 
Subsection Two: Muscle Activities Over Time 
The signal power EMG was used to measure the power of action potential applied 
from nerve system to innervate muscles. Data for all subjects are shown in Figure 8.6. 
		
105 
When subjects were wearing an unweighted helmet, the signal power showed a small 
correlation with time (R2<0.1). The slight decrease of the power implies there is possibly 
muscle adaptation during the jumping over time. When an additional weight is added, the 
activities of the para-cervical muscles were much increased, showing muscle fatigue 
possibly occurs. This muscle fatigability differs from subject to subject. Two out of the 
ten subjects showed no significant increase in the muscle EMG power over time. This is 
possibly due to the individual difference in physical fitness. Among all of the subjects, 
the slope of linear regression result of EMG power with additional weight is larger than 
the slope of the group without additional weight. 
	
Figure 8.6 Trapezius Muscle fatigue measured by the power of EMG are compared between 
jumping with the unweighted helmet (4 lbs.) and weighted helmet (6.5 lbs.) 
Subsection Three: C4-C5 FSU Strain vs. Muscle EMG Activities 
Plotting the amplitudes of FSU strain as a function of muscle signal power 
activities for all subjects in shows a moderate correlation (Pearson Coefficient = 0.69) 
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between FSU deformation and muscle activation when subjects are wearing unweighted 
helmet (Figure 8.7) and a weak correlation (Pearson Coefficient = 0.31) when subjects 
are wearing a weighted helmet (Figure 8.8).The correlation result in the unweighted group 
suggests in a normal range of strain, the FSU strain increases when the muscles are less 
capable of stiffening neck and dampening impacts. In the case when a larger impact is 
applied to the head and neck, there is a significant increase in the muscle fatigue and the 
FSU strain. However, the FSU strain is capped at 70%, possibly because the loading is 
transmitted to FSU flexion or further compression is limited by the facet joints. This 
implies overloading the disc in the high range of strain could possibly lead to damage to 
the disc as well as the formation of osteophytes. 
 
Figure 8.7 C4-C5 FSU strain vs. Trapezius EMG power in the unweigted helmet (4 lbs) 
jump trial. Each scattered data point represents the averaged FSU strain and EMG among 
the three jumping trial at the same time for each subjects. 
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Figure 8.8 C4-C5 FSU strain vs. Trapezius EMG power in the weigted helmet (6.5 lbs) jump 
triasl. Each scattered data point represents the averaged FSU strain and EMG among the 
three jumping trial at the same time for each subjects. 
Section Four: Discussion and Conclusion 
This study established the capability of the ultrasound imaging system to measure 
cervical spine FSU motion and IVD deformation in-vivo for human subjects performing a 
representative workplace or sports activity such as repetitively jumping from a height 
with a helmet. Not unexpectedly, adding a 2.5-weight to a helmet increased the 
compressive deformation transmitted to the C4-C5 IVD at impact during jumping. The 
relative IVD compressive strain decreased over time as the jump test continued for the 
unweighted helmet trials, suggestive of progressive compressive deformation. This was 
not observed for the weighted helmet trials, perhaps indicating that the IVD did not fully 
recover from the initial deformation incurred during the previous series of three jump 
tests with the unweighted helmet before the jump tests with the weighted helmet were 
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instituted. Paracervical muscle activation at landing appears to help dampen the 
transmitted force at impact but EMG amplitudes tended to decrease after 2 minutes of 
jumping perhaps indicating the onset of muscle fatigue in the weighted helmet jumping. 
Muscle fatigue may also account for the relatively blunted response of the paracervical 
muscles during jump tests conducted with the additional 2.5lb weight applied to the 
helmet. The subjects had already completed a series of three 4-minute jump tests with the 
unweighted helmet before embarking on the next sequence of three 4-minute jump tests 
with the added weight. It is likely that the 8-minute rest between jump tests was 
insufficient for the muscles to recover and that progressive muscle fatigue blunted the 
response of the paracervical muscles. In addition to progressive deformation, the 
additional IVD compressive deformation observed during the weighted helmet trials may 
also reflect the decreased ability of the fatigued paracervical muscles to further attenuate 
the applied load. These findings are clinically significant in that they may indicate the 
need for adequate time for muscle rest and IVD viscoelastic recovery between anticipated 
loading of the head and neck during work and sports activities to prevent injury.   
As this was conducted as a feasibility study, the number of samples analyzed was 
low and these findings must be viewed as preliminary. Additionally, the precision and 
accuracy of the measured FSU displacements and calculated IVD deformation are 
dependent on the setup of US probes and consistency of the serial US images analyzed 
during the course of the tests. The posterior ultrasound image is not used in the analysis 
due to large error variance is seen between subjects. However, the real-time data 
generated here using our dual US system to image the dynamic performance of cervical 
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spine FSUs in subjects performing representative work and sports related activities 
provides for the first time direct evidence that the integrity and functional performance of 
the cervical spine is highly dependent on the static and dynamic loads applied to the head 
and neck; that the paracervical muscles are critical for attenuating the loads transmitted to 
cervical FSUs, and that appropriate rest intervals between work cycles may help prevent 
cervical spine injuries for individuals wearing protective head gear engaged in repetitive 
impact loading activities. 	  
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CHAPTER NINE: RESEARCH SUMMARY AND FUTURE DIRECTION 
Section One: Research Summary 
The goal of this dissertation is to demonstrate whether time sequence of 
ultrasound imaging signal can provide in-vivo deformation of FSU and characterize the 
motion of C-spine in response to applied displacements and loading. The dissertation 
includes following aspects of works: a) development and validation of a multi-frame 
tracking algorithm to measure the dynamic movement of vertebrae in time sequences of 
ultrasound imaging signals; b) error analysis and performance evaluation of the multi-
frame tracking algorithm on ex-vivo models; c) development of a dual ultrasound imaging 
system to measure ex-vivo kinematics of C-spine on the sagittal plane by vertebrae 
tracking in anterior and posterior windows; d) development and application of the dual 
ultrasound imaging system to measure in-vivo kinematics of human subjects; e) 
evaluation of the dynamic deformation of FSU of human subject wearing a helmet with 
different weights in ultrasound image sequences. 
Chapter 4 introduced a multi-frame tracking algorithm to measure the movement 
of vertebrae in the sequence ultrasound imaging signals. Previous applications of 
ultrasound imaging focused on the non-rigid tissue deformity in a short time. To the best 
of our knowledge, there is no existing literature addressed the problem how to track an 
object in hundreds to thousands of ultrasound data frames. By using redundant 
displacements estimation from spatially correlated frames, the method developed in 
Chapter 4 will allow a robust measurement of the vertebra in the long-time sequences. 
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This method can be further applied to other bone structures movement analysis in the 
ultrasound.  
Chapter 5 identified two factors that reduce measurement accuracy in ultrasound 
vertebra tracking: motion and tissue artifacts. Compare to other previous studies in the 
error assessment of ultrasound tracking, the study in Chapter 5 successfully excluded the 
effect of error accumulation over time and found the quadratic correlation between 
motion artifact and the mean squared error in ultrasound tracking. To the best of our 
knowledge, it is also the first study that isolates the effect of tissue movements and 
evaluates the contribution of tissue to tracking accuracy. This study not only indicates the 
current technical limits of accuracy in vertebra tracking, but also provides a new aspect to 
error estimation method in ultrasound. 
In Chapter 6 and 7, a dual ultrasound imaging system for C-spine was proposed, 
which measured the deformation of FSU by merging local measurements in anterior and 
posterior windows of ultrasound to the global world coordinate. Compared to other 
previous research of using two transducers to improve the resolution of one region of 
interest, the proposed dual ultrasound system images different views of the rigid body 
and reconstruct its kinematics in the sagittal plane. Chapter 6 introduced the methodology 
in a simplified scenario, in which the ultrasound transducers are fixed and placed on the 
same plane. The kinematics can be derived by correlating the measurements in an MRI 
sagittal scan. Chapter 7 presented a solution to the complicated scenario, in which the 
transducers are not fixed to each other, and the human subjects are performing activities: 
the ultrasound measurements need to correlated by registering ultrasound image on the 
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3D MRI scan of human subjects. Both chapters showed the applications of these methods 
and achieved promising results that cannot be obtained by other existing technologies 
with portability. 
Chapter 8 demonstrated the capability of the ultrasound imaging system in 
measuring C4-C5 FSU deformation and providing information to predict the C-spine 
injury mechanism. In this chapter, the weight of helmet was shown to be a significant 
impact factor to the FSU compression in repetitive dynamic activities. Furthermore, the 
increase muscle fatigue was found to be correlated with the increase of FSU deformation. 
For the working personnel who requires a weighted helmet, this correlation implies a 
proper neck muscle relaxation may reduce the risk of cervical spine injury. 
Section Two: Future Direction 
One limitation of repetitive jump test was the variances of applied loading to the 
neck. To provide controllable, safe forces to spine, a neck loading system was designed. 
Incorporating adjustable counter-weights which tare the weight of human subject of 
different weights, this system can be driven by light-duty actuators as well as manual 
pedaling. Using the system, the deformation of C4-C5 can be measured in the anterior 
and posterior windows in ultrasound for evaluation of C-spine kinematics in response to 
different loading frequency, time length, voluntary neck muscle activation.  
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Figure 9.1 A Cyclic loading system is designed to provide controllable loading to the 
head and neck.
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